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ABSTRACT
The synthesis of Urethane /Acrylic hybrids using experimental design strategy
enables exploration of a wide variety of chemical compositions. Compositional changes of the
urethane and the acrylic together'bring about morphology changes in the polymer that
impact the performance and the dynamic mechanical pr?perties. In this thesis polymer
dispersions were synthesized by modifying the two different polymer backbones. The.
-'-
urethane component was modified with chan..ges in the type of isocyanate, polyol molecular
weight, polyol crystallinity and the addition oftrimethanol propane to promote cross linking
in the polymer. The acrylic component was modified by varying the Tg's ofthe acrylic
monomer used in the co-polymerization with the urethane. Finally the modification ofthe
urethane / acrylic ratio from a high urethane content continuos phase to a high acrylic
content continuos phase were prepared to give insight into the performance balance and the
morphological properties.
Performance properties such as solvent resistance, impact resistance emulsion
polymerization stability were investigated and statistically analyzed to determine the
influence of the chemical changes at the varying levels had on the performance. Solvent
. resistance was controlled by the higher glass transition temperature acrylics co-
polymerized with the urethane. The ratio of urethane to acrylic showed that solvent
resistance is improved at the higher urethane continuous phase. The effect ofTMP had
minimal effect on the overall solvent resistance. IPA resistance was accomplished with the
use of aziridine crosslinker. The MEK double rubs showed improved resistance at the lower
molecular weight polyols. This is mainly due to the higher degree of hard segment domains
i
found as the molecular weight of the soft segment is increased. Reverse impact shows a
negative interaction ofthe IPDI isocyanate with the low molecular weight polyol. The
,-'
crystallizing polyester polyol also shows a decrease in reverse impact as compared to the
1
non crystallizing polyols. The film clarity of the dispersion is controlled by three main
effects, the acrylic type, urethane acrylic ratio, and the negative interaction ofthe IPDI
isocyanate with the BA acrylic polymer. The clarity data correlates well with the dynamic
mechanical spectroscopy observations. The interaction bfthe urethane and acrylic with
varying ratios and structures give rise to large morphology changes as determined by
dynamic mechanical spectroscopy.
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1. Patent Survey
, ,
!
The Urethane / Acrylic hybrid dispersion technology is practiced at APCI according
to the following US Patent 5173526. The dispersion is prepared according to the teaching of
the patent as follows:
Preparation of Urethane / Acrylic Hybrid Dispersions:
(a) Polymerization of an isocyanate terminated prepolymer by reaction with a polyol
or reaction with a diamine is shown in Figure 1.
Figure 1. Urethane Chemistry .
O=C=N-R
urethane
R'
O=C=N-R-N=C=O + R'-NH2 O=C=N-R
urea
(b) Grafting a carboxyl-containing diol onto the backbone of the prepolymer is shown
in Figure 2.. The addition of the carboxyl functionality renders the urethane
prepolymer water dispersible:
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Figure 2. Addition of Functional Groups
Q Q
II II
O=C=N-R-N-C-Q-R'-Q-C-N-R-N=C=Q
H H
urethane chemistry dimethylol propionic acid
acid functionality
Q Q
+ II II tR" = R-~-C-O-R'-O-C-~-R
urethane prepolymer
Composition: DMPA 1-2%
(c) The addition oftriethyl amine forms the acid salt of the carboxyl functionality as
seen in Figure 3. Neutralization of the acid allows the prepolymer to be dispersed in
water.
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Figure 3. Formation Of Acid Salt
Rf yH3 tRO=C=N-RII-~-C O-CH2-C-CH2-0 C-~-RII-NCO
acid salt pH >7
Composition: TEA 1-2%
(d) An acrylic monomer is mixed with the urethane prepolymer to form a
prepolymer / monomer swell. The acrylic monomer droplets are swollen into the'
urethane prepolymer dispersed in water. The prepolymer/ monomer mixture is
dispersed in water.
(e) Chain extension of the urethane prepolymer is accomplished with the addition of
a diamine to the aqueous dispersion, as illustrated in Figure 4. The chain extension
reaction with the terminal isocyanate groups is faster than the water reaction thus
minimizing the undesirable water/isocyanate reaction. A distribution of the
molecular weights of isocyanate terminated monomers and oligomers is present at
this stage of the reaction. A simplified view ofthis complex mixture is best described
as a combination of low molecular weight isocyanate monomers that have not
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participated in the polyol or dimethanolpropionic acid reaction to give primarily
higher molecular weight urea hard segment type structure. Second, the high
molecular weight prepolymer which consists of the isocyanate reacted with polyol
and the dimethanolpropionic acid are further reacted with diamine to give a high
molecular weight urethane with urea type terminal structure.
Figure 4. Chain Extension - High Molecular Weight UrethanelUrea
ethylenediamine urethane with acid salt
NCO/NI1 = 1/1
NH CH CH -N r~-N-R"'-N-~l N-CH CH NH
2 2 2 Ht H H tH 2 2 2
Urethane/urea
o CH3 O· ~ .
Rill = tR-N-C-CH -C-CH -O-C-N-RlltH 2 I 2. H
CO2-
+
NH(CI1CH3b
(f) Figure 5 shows the polymerization of the vinyl groups of the acrylic monomer
initiated with an oil-soluble initiator.
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Figure 5. Acrylic - Free Radical Polymerization
o
II
CH2=CH-C-OC4Hg
butyl acrylate monomer
CHs CHsI I
CHs~C-N=N-C-CHs
I I
CN CN
Aza 64 initiator
+ AZO 64
..
CHsheat I
.....,...-----II.~ CHs--C· free radical
I
CN
Composition: Butyl Acrylate 10%
(g) The free radical polymerization is initiated at the same time as the chain
extension of the urethane prepolymer (see Fig 6), thus forming a semi-
interpenetrating polymer network, as seen in Figure 7.
Figure 6. Urethane/Acrylic Hybrid Synthesis
AZ064
heat
EDA
-fCH2-9H-h
C=O
I
OC4Hg
butyl acrylate polymer
~o 0 JII IINH CH CH -N C-N-RII1-N-C-N CH CH NH222 H H H H 222
urethane
Interpenetrating Polymer Network
Composition: H20 50-60%
7
Figure 7. Semi - Interpenetrating Polymer Network
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II. Synthesis of Experimental Urethane / Acrylic Hybrid Dispersions.
The synthesis of a urethane / acrylic dispersion is carried out in two stages. In the
first stage, the urethane prepolymer is prepared using an aliphatic isocyanate such as
dicyclohexylmethane - 4,4' - diisocyanate (hydrogenated MDI), or 3-isocyanatomethyl-3,5,5-
trimethylcyclohexyl isocyanate (isophorone diisocyanate). The isocyanate is reacted in
stoichiometric excess with a polyether or polyester polyol with a functionality of two. The
NCO/OR equivalents ratio is in the range of 4.0/1 to 6.7/1. The polyols used in this
experiment were of three chemical types;
Polyester
Polyester
Polyether
Rexanediol Adipate
Neopentyl Adipate
Polytetramethylene Ether Glycols
Rapid Crystallinity
Slow Crystallinity
Slow Crystallinity
The available range of molecular weights for each of the different polyols used were 500,
1000 and 2000. In order to promote branching in the prepolymer network a trifunctional
monomer trimethylol propane (TMP) was included at low levels. between 0.0 and 0.2
equivalents based upon hydroxyl level.
The isocyanate-reactive compound was then reacted with carboxyl groups such as
2,2 -dimethylolpropionic acid polymerized into the backbone ofthe prepolymel\ which, when
neutralized with triethyl amine, rendered the prepolymer anionic and water-dispersible.
The above components were reacted in the presence of tin catalysts such as dibutyl
tin dilaurate at a temperature of 75-95 °C for 3 - 6 hours. The hydroxyl-containing polyether
and polyester polyol are completely reacted with the isocyanate to form an isocyanate
terminated urethane prepolymer. The isocyanate terminated urethane prepolymer and the
9
excess isocyanate monomer remains unreacted until it was later chain extended with a
diamine.
In the second stage, the acrylic monomers of varying Tg were swelled into the
isocyanate prepolymer, the mixture was neutralized with triethylamine, and the anionic
stabilized mixture was added to deionized water with agitation. A oil-soluble initiator Vazo
64 2,2'azobis [2,4-dimethyl-pentanenitrile] for the free radical polymerization of the vinyl
group was added to the mixture. Ethylene diamine was added for the chain extension of the
urethane terminated prepolymer and the excess isocyanate monomer. The chain extension
with the diamine was substantially faster than the water - isocyanate reaction thus allowing
the reaction to take place in the water phase as the vinyl component ofthe acrylic was
polymerized with the free radicals. The chain extension and the free radical polymerization
were conducted at 50-65 °C at approximately 35-40 % solids. The reaction took 3-5 hours
until the acrylic monomer level was less than 1000 ppm.
Below is an example ofthe preparation of a urethane/acrylichybrit:tdispersion
Into a clean, dry reactor equipped with heating, cooling, stirring and a nitrogen blanket,
the polyol and trimethanol propane were charged, followed by the isocyanate and tin
catalyst. With agitation, the reaction mixture was heated to 940 C for 1/2 hour. The N-
methylpyrrolidone solvent was added in order to dissolve the dimethylolpropionic acid into
the urethane prepolymer. The reaction was continued for 3 hours until the isocyanate was
reacted to the theoretical level. This was determined by the titration of the free isocyanate.
Example of a theoretical calculation of % free isocyanate.
Isocyanate equivalents - polyol equiv. - trimethanol propane equiv.-
dimethylolpropionic acid equiv. =0.0334 equivalents
Total weight =19.6
% unreacted NCO =0.0334 x 42 eq wt NCO =1.4028 equiv. =1.4028/19.6 =7.16% NCO
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The mixture was then cooled, the acrylic monomer and the hexanediol acrylate was
added and allowed to mix for 30 minutes. To the prepolymer/monomer solution, the
triethylamine was added to neutralize the acid functionality on the prepolymer . The
solution was then dispersed in water. The Vazo 64 catalyst and the stoichiometric correct
level of ethylene diamine is added to the solution to react with the remaining isocyanate end
groups, and then the temperature was raised to 65 °C and allowed to exotherm up to 750 C.
The temperature was then maintained at 750C for 3-5 hours or until the residual monomer
is less than 1000 ppm. Table I is a typical formulation process run for the urethane/acrylic
hybrid dispersion.
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Table 1. Typical Process Run Conditions For a Urethane /Actylic Dispersion
CHEMICAL PARTS BY RXNTIME RXNTEMPC
WEIGHT
POLYOL 2000 MW 9.96 40C
TMP , 0.0
4,4'- 8.29
DICYCLOHEXYLMETHANE
DIIS0 CYANATE
10% DABCO T-12\THF 0.02 0.5 HRS 95C
N-METHYLPYRROLIDONE 6.0
DIMETHYL PROPIONIC 1.35 3HRS 95C
ACID
HEXANEDIOL ACRYLATE 0.09
- 25C
ACRYLIC MONOMER -MMA 18.24 0.5 HRS SWELL 25C
TRIETHYLAMINE 1.02 - 25C
DEIONIZED WATER 53.98 - 25C
ETHYLENE DIAMINE 0.96 25-40C
VAZO 64 0.06 3-5 HRS 65C
Calculations
1. NCO/OH ratio 6.7/1
2. Urethane /Acrylic ratio 50/50
3. equivalents TMP =0.0
4. Acrylic =methyl methacrylate
III. Experimental Design Strategy
A. Taguchi Design
In this study, Design of Experiments was employed in order to screen a variety of
chemical factors at various levels. The Taguchi design of experiments was used to explore
the design space. The Taguchi experimental design is based on orthogonal arrays (OA) The
OA is a balanced design which allows for the efficient evaluation of chemical changes at
various levels. A simple L4 OA is shown below to illustrate the use of orthogonal arrays in
the experimental design strategy.
L4 Orthogonal Array
12
/
/
In order to evaluate three factors such as (a) isocyanate type, (b). NCO/OH ratio and (c)
polyol molecular weight, at two levels each, a full factorial design eight experiments would
be necessary to explore the entire design space.
Factor and Level Evaluation.
FACTOR CHEMICAL LEVEL 1 LEVEL 2
A ISOCYANA'J/E TYPE HMDI IPDI
B NCO/ORRATIO 6.7/1 4/1
C POLYOLMW 2000 500
Full Factorial Design
Experiment Factor A Factor B Factor C
1 1 1 1
2 1 1 2
3 1 2 1
4 2 1 1
5 2 2 1
6 2 1 2
7 1 2 2
8 2 2 2
Another way to view this is to imagine a cube where each experiment represents a corner of
the cube as seen below in Figure 8. Thus the entire design space can be explored with the
eight experiments.
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• . Figure 8 Full Factorial Design
(1.2,1)
(2,2,2)
(1.2.2)
(2,1.1 )
(1.1.1)
(1.1.2) (2,1.2)
The use of a L4 OA can examine the design space efficiently with only four experiments.
The word orthogonal means balanced, thus the selection ofthe proper experiments can lead
"to a balanced array where the experimental points are orthogonal to each other. The L4
design u'sed by the Taguchi Methods for the 3-factor, 2-level experiment is shown below.
Experiment Factor A Factor B Factor C
1 1 1 1
2 1 2 2
3 2 1 2
4 2 2 1
When viewed as a cube the experiments show how the points are orthogonal to each
other, as seen in Figure 9.
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Figure 9. L4 Orthogonal Array
Experiment #2
(1.2.2)
(1,1,1)
Experiment #1
J
(2.1,2)
Experiment #3
The orthogonal array compares Experiment #1 and #2 versus Experiment #3 and #4. in
order to find the overall effect offactor A. Next, a comparison of Experiment #1 and #3
versus #2 and #4, represents the overall effect offactor B. Finally a comparison of
experiment #1 and #4 versus #2 and #3 represents the overall effect of factor C. Thus any
corner of the cube can be extrapolated with the use ofthe orthogonal array. For example,
point (2,2,2), which is not in the original design, is extrapolated by the overall response of
factor A2 , B2 and C2.
In this design, an L18 was used. The L18 is capable of evaluating one two level
factor and seven three level factors. To fully describe this design space it would require
37=2187 experiments multiplied by 21=2 experiments, which equals 4374 combinations
The Taguchi orthogonal array can describe the overall effects of the factors in eighteen
experiments. The Taguchi design is not without its limitations. Only one interaction can be
examined in this design space between the one two level factor and one three level factor.
Thus ifthe design is confounded with large interactions the model will predict the other
4356 combinations poorly. However, the L18 experiment evenly spreads the interaction
effect over the entire design space so that errors due to interactions may be minimized as
much as possible.
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The purpose of this experiment was to determine the effect of the various chemical
factors and level for the physical and performance properties. Once the factors and levels
are selected for each physical and performance properties, a optimization table is set up to
weigh and select the factors and levels which give the optimal performance characteristics
for as many of the physical and performance properties as possible. This type of screening
experiment is useful for optimization of the important factors that were found in the original
experiment. The use of experimental design allows the researcher to efficiently examine
moderately complex polymer formulations and to develop optimum formulations with useful
physical and performance attributes.
B. Analysis ofVariance (ANOVA)
'.
Analysis ofvariance (ANOVA) is used to provide a measure ofthe sources of
variance for the experiment. ANOVA determines the variability ofthe data due to the
source (factors) and repeatability of the data. In this experiment the source is represented
by the one two level factor and the seven three-level factors, and the repeatability variance
is represented by the number of repeat determinations of the response. In order to obtain
the confidence limits of the experiment, pooling of the insignificant variance due to the
source and the variance due to repeatabilty" are pooled together into a primary error
contribution (e). The primary error (e) is used in determining the confidence limits in the
process average predictions. The confidence limits are the estimated upper and lower limits
of the prediction based on the total error of the experiment.
Below is a summary of the formulas used in the ANaVA table.
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CF Correction Factor CF = (Y1 +Y2 + Y3 +...Yn)2/n
where n = # of observations
Yn= nth observed response
ST Total Sum of Squares
Sm Sum of Squares For Source
(Deviation From Average)
DOF Degrees of Freedom
V Variance
Ve Error ofVariance
S' Pure Sum of Squares
1-
S' Pure Sum of Squarese
For Error
"
% rho % Contribution of
Total Variance
ST = Y12 + Y22 + Y32 +...Yn2 -CF
Sm = (:LY1)2/n + (:LY2)2/n - CF
where n equals observations at each level
n-l for a n-Ievel factor
V = Sm/DOF
% rho = S' / ST x 100
The % contribution (% rho) is the most important point of the ANOVA analysis. The % rho
shows the variance contribution for each of the factors explored in the design, it also allows
one to determine the degree of confidence of the magnitude of error inherent in the design.
The two types of error examined in this experiment were the repeatability error' and the
source error that is so small that it is considered insignificant. The insignificant source
factors and the ~epeatabilityerror were then pooled into a category called primary error.
The primary error is a estimation of the noise that contributes to the variation of the
response. The larger the noise with respect to the source response, the lesser the reliability
of the experiment. The primary error assists in the calculation of the upper and lower
confidence limits of the predictions that are made during the optimization process. For
example, Graph #3 MEK rub resistance shows the Source, Degrees of Freedom, Sum of
Squares, Variance, Pure Sum of Squares and the % rho (contribution ofvariance) for each of
the factors and the repeatability error. Factors A,D,G and the interaction AxB were pooled
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as primary error (e) because of their overall low contribution to the variance as compared to
the repeatability error. The primary error was used in the calculation of the confidence
limits of the process average predictions.
IV. EXPERIMENTAL -
A. Experimental Design
In this experiment, a L18 OA was used to explore a design space consisting of seven
three-level factors and one two-level factor. In the L18 design, an interaction between the
one two level design and one three-level design is built into the OA without sacrificing
additional design space (additional factor columns). Below in Table 2 is a summary ofthe
design parameters used in this experiment.
"
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t fi th L OAtID . Pa e xpenmen a eSlgn arame ers or e '1A
FACTOR FACTOR LEVEL DESCRIPTION
LABEL
LEVEL 1 bis 4-Isocyanatocyclohexyl
Methane
A ISOCYANATE
TYPE LEVEL 2 Isophorone Diisocyanate
LEVEL 1 2000
B POLYOLMW LEVEL 2 1000
LEVEL 3 500
LEVEL 1 6.7/1
C NCO /OH RATIO
(EQUIVALENTS) LEVEL 2 5.3/1
LEVEL 3 4.0/1
LEVEL 1 Polyester
Neopenty Adipate
Slow Crystallizing
D POLYOLTYPE
LEVEL 2 Polyester
Hexanediol Adipate
Rapid Crystallizing
LEVEL 3 Polyether
Polytetramethylene ether
glycol
Slow Crystallizing
LEVEL 1 Methyl Methacrylate
LEVEL 2 n- Butyl Acrylate
E ACRYLIC TYPE
LEVEL 3 n-Butvl Methacrvalte
LEVEL 1 50/50
F URETHANE/ LEVEL 2 75/25
ACRYLIC RATIO
LEVEL 3 25/75
LEVEL 1 0.0 Equivalents
TRIMETHANOL ,
G PROPANE LEVEL 2 0.1 Equivalents
LEVEL
LEVEL 3 0.2 Equivalents
LEVEL 1 0.0 pph
H AZIRIDINE LEVEL 2 0.75 pph Wet
LEVEL 3 0.0 pph
T bl 2 E
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The L18 orthogonal array used in this experiment is shown below in Table 3. The
experimental ~un number represents the eighteen experiments prescribed by the orthogonal
array. The factor designation A through H represent the various factors investigated. The
numbers below the factors are the factor level designations. Factor A has two levels where
as factors B through H have three levels. Thus, for each experimental run number, a
formulation based on each of the factors at the designated level can be obtained.
Table 3. L18 OA layout
EXPERIMENT FACTORS
RUN # A B C D E F G H
1 1 1 1 1 1 1 1 t-
2 1 1 2 2 2 2 2 2
3 1 1 3 3 3 3 3 3
4 1 2 1 1 2 2 3 3
5 1 2 2 2 3 3 1 1
6 1 2 3 3 1 1 2 2
7 1 3 1 2 1 3 2 3
8 1 3 2 3 2 1 3 1
9 1 3 3 1 3 2 1 2
10 2 1 1 3 3 2 2 1
11 2 1 2 1 1 3 3 2
12 2 1 3 2 2 1 1 3
13 2 2 1 2 3 1 3 2
14 2 2 2 3 1 2 1 3
15 2 2 3 1 2 3 2 1
16 2 3 1 3 2 3 1 2
17 2 3 2 1 3 1 2 3
18 2 3 3 2 1 2 3 1
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An interaction between Factor A and Factor B is built into the L18 orthogonal array. Thus,
along with the primary level response of factor A and B, the interaction can also be viewed.
\.
.~ The AxB interaction shows how factor B varies at each level of factor.
For example, the formulation for experiment run number 4 was based on the
following recipe offactors and levels: A1, B2, C1, D1, E2, F2, G3 and H3. The recipe was
then transposed into a chemical compositional formulation which relates the factors and
levels into a formula that obeys the constraints set upon it, such as A - isocyanate type, B -
polyol molecular weight, C - NCO / OH ratio, D - polyol type, E - acrylic type, F - urethane /
acrylic ratio, G - trimethanol propane level and H - the post addition of aziridine. Tables 4 ,5
and 6 below give a summary of the 18 compositional formulations used in the experimental
design.
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Table 4 - Formulation 1 through 6 of the L18 OA
, CHEMICAL, EXPERIMENT No.
EQUIV. 1 2 3 4 5 6
WEIGHT
I80CYANATE
DE8MODURW 131.00 8.29 11.73 3.83 18.39 5.28 9.86
IPDI 111.00
POLYOLTYPE
POLYE8TER NC
8-107-55 1018.00 9.96
8-107-110 510.50 7.47
8-107-210 267.30
POLYE8TER CRY
8-105-55 1018.00 15.23
8-105-110 510.50 3.97
8-105-210 267.30
POLYETHER NC
PM 2000 1001.80 5.47
PM 1000 498.70 8.29
PM 650 323.30
10% DABCO T-12 0.02 0.03 0.01 0.03 0.01 0.02
DMPA 1.35 1.35 1.35 1.35 1.35 1.35
TMP 43.00 0.10 0.08 0.24 0.11
ACRYLIC
MMA 18.24 18.15
BA 8.99 8.62
BMA 27.91 27.75
HDODA 0.09 0.04 0.14 0.04 0.14 0.09
TEA 101.00 1.02 1.02 1.02 1.02 1.02 1.02
DEIONIZED 0.40 53.98 53.97 53.99 53.98 53.99 53.98
WATER
EDA 30.00 0.96 1.50 0.05 2.83 0.36 1.04
NMP 6.00 6.00 6.00 6.00 6.00 6.00
VAZO 64 0.09 0.04 0.14 0.04 0.14 0.09
80LID8 40.00 40.00 40.00 40.00 40.00 40.00
TOTAL 100.00 100.00 100.00 100.00 100.00 100.00
PARAMETERS
NCO /OH RATIO 6.7/1 5.3/1 4.0/1 6.7/1 5.3/1 4.0//1
URETHANE/ACRYLIC 50/50 75/25 25/75 75/25 25/75 50/50
RATIO
AZIRIDINE Post add 0.00 0.75 0.00 0.00 0.00 0.75
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Table 5. Formulations 7 through 12 of the L18 OA
CHEMICAL
'"
EXPERIMENT No.
EQUIV, 7 8 9 10 11 12
WEIGHT
ISOCYANATE
DESMODURW 131.00 7.27 13.03 17.62
IPDI 111.00 11.97 4.21 5.53
POLYOL TYPE
POLYESTER NC
S-107-55 1018.00 . 5.03
S-107-110 510.50
S-107-210 267.30 8.80
POLYESTER CRY
S-105-55 1018.00 12.94
S-105-110 510.50
S-l 05-21 0 267.30 1.86 ,
POLYETHER NC
PM 2000 1001.80 14.60
PM 1000 498.70
PM 650 323,30 4.73
10% DABCO T-12 0.01 0.02 0.03 0.02 0.01 0.01
DMPA 1.35 1.35 1.35 1.35 1.35 1.35
TMP 43.00 0.05 0.21 0.08 0.07
ACRYLIC
MMA 27.40 27.74
BA 17.76 18.48
BMA 8.81 8.86
HDODA 0.14 0.09 0.04 0.04 0.14 0.09
TEA 101.00 1.02 1.02 1.02 1.02 1.02 1.02
DEIONIZED WATER 0.40 53.99 53.98 53.98 53.99 53.99 53.99
EDA 30.00 0.77 1.73 2.31 2.04 0.30 0.49
NMP 6.00 6.00 6.00 6.00 6.00 6.00
VAZ064 0.14 0.09 0.04 0.04 0.14 0.09
SOLIDS 40.00 40.00 40.00 40.00 40.00 40.00
TOTAL 100.00 100.00 100.00 100.00 100.00 100.00
PARAMETERS
NCO /OH RATIO 6.7/1 5.3/1 4.0/1 6.7/1 5.03/1 4.0/1
URETHANE ACRYLIC RATIO 25/75 50/50 75/25 75/25 25/75 50/50
AZIRIDINE Post add 0.00 0.00 0.75 0.00 0.75 0.00
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Table 6. Formulations 13 throu~h 18 of the L18 OA
CHEMICAL EXPERIMENT No.
v
EQUIV. 13 14 15 16 17 18
-
WEIGHT
ISOCYANATE
DESMODURW 131.00
IPDI 111 ,00 11.45 14.12 4.70 6.26 12.63 17.72
POLYOL TYPE
POLYESTER NC
S-107-55 1018.00
S-107-110 510.50 4.55
S-107-210 267.30 5.02
POLYESTER CRY
S-105-55 1018.00
S-105-110 510.50 6.25
S-l 05-21 0 267.30 8.02
POLYETHER NC
PM 2000 1001 ,80
PM 1000 498.70 12.26
-
PM 650 323.30 0.00 2.88
10% DABCO T-12 .02 .030 0.01 .01 .020 .03
DMPA 1.35 1.35 1.35 1.35 1.35 1.35
TMP 43.00 0.15 0.05 0.10 0.38
ACRYLIC , \.
MMA 8.79 "- 8.58
BA 27.73 27.42
BMA 17.69 17.65
HDODA 0.09 0.04 0.14 0.14 0.09 0.04
TEA 101.00 1.01 1.02 1.02 1.02 1.02 1.02
DI WATER 0,40 53.99 53.99 53.99 54.00 53.99 53.99
EDA 30.00 1.93 2.37 0.33 0.79 2.06 2.84
NMP 6.00 6.00 6.00 6.00 6.00 6.00
VAZO 64 0.09 0.04 0.14 0.13 0.09 0.04
SOLIDS 40.00 40.00 40.00 40.00 40.00 40.00
TOTAL 100.00 100.0 100.0 100.0 100.0 100.00
0 o· 0 0
PARAMETERS
NCO /OH RATIO 6.7/1 5.3/1 4.0/1 6.7/1 5.3/1 4.0/1
URETHANE ACRYLIC RATIO 50/50 75/25 25/75 25/75 50/50 25/75
AZIRIDINE I Post add 0.75 0.00 0.00 0.75 0.00 0.00
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The following other constraints were maintained for all of the formulations based on the
formulation composition, as seen in Table 7.
TABLE 7. Formulation Constraints
CONSTRAINTS LEVELS
SOLIDS LEVEL 40% +-1.5%
DABCO T-12 CATALYST(10% IN THF) 0.10% BASED ON URETHANE
CONTENT
DMPA 3.5% BASED ON TOTAL POLYMER
~ - - SOLIDS
NMP 6% OF THE FORMULATION
VAZO 64 0.5% BASED ON ACRYLIC MONOMER
TEA BASED ON EQUIVALENTS OF DMPA
EDA 95% OF THE EQUIVALENTS OF NCO
REMAINING AFTER REACTION
The urethane/acrylic hybrid dispersion was prepared in a two-liter jacketed glass reactor.
.-.
Agitation was controlled with a propeller type mixer with variable a speed controller. The
temperature was controlled within ± 30 C with steam and cold water. The temperature
during the polymerization was varied from 150 C to 950 C, depending upon the process step.
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B. Materials
Below in Table 8 is a summary of the chemicals used in this experiment.
Table 8. Chemicals used in Polymer Synthesis of Urethane/Acrylic Hybrids.
CHEMICAL TRADE NAME VENDOR
bis(4-Isocyanatocyclohexyl) DESMODURW MILES
Methane -
Isophorone Diisocyanate VESTANAT IPDI HULS
TIN CATALYST DABCO T-12 AIR PRODUCTS
POLYESTER NC AND CRY RUCOFLEX POLYOLS RUCO POLYMER
2000,1000, 500 MW
POLYOLS
N-METHYL NMP GAF
PYRROLIDONE
METHYL MMA ROHM AND HAAS
METHACRYLATE
~
n - BUTYL ACRYLATE BA CELANESE
n-BUTYL- BMA ROHM TECH INC
METHACRYLATE
TRIETHYLAMINE TEA ASHLAND
ETHYLENE DIAMINE EDA DOW
PEROXIDE INITIATOR VAZO 52,64 DuPONT
DIMETHYL PROPIONIC DMPA EASTMAN
ACID
AZIRIDINE - CX-IOO CROSS LINKER ICI
"'I
V. TESTING
In this experiment, the performance of the Urethane/Acrylic Hybrid
polymers was judged by the performance testing commonly practiced in industry today and
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by thermodynamic analysis using Dynamic Mechanical Spectroscopy. The following is a list
of the performance tests and physical properties investigated.
A. Coating Performance Testing
.MEK Double Rubs - The MEK double rub test was conducted by counting the number
of double rubs with a cloth saturated with methyl ethyl ketone solvent it takes to
deform the coating. The testing ended if the films were able to withstand 500 double
rubs .
•Solvent Swell- The experimental emulsion was cast on glass at approximately a 3.6
mil wet film thickness (1.4 mil dry film thickness) using a #40 wire- wound rod. The
film was then. cured at 600 C for 30 minutes and tested after 24 hours at 250 C. Filter
paper cut into 11 x1" squares was placed onto the coating and then satu~atedwith one
of the following solvents: MEK, 10% HCl in water, 10% NaOH in water, 50% Ethanol
in water, 70% Isopropyl alcohol in water, 10% NH40H in water and water. A watch
glass was placed over the filter paper to minimize solvent loss. After a period of thirty
minutes, the film was examined for solvent attack and rated according to the following
scale.
Solvent Resistance Scale
5
4
3
2
1
Description
No effect on the coating film
Slight softening of the coating film
Moderate breaking of coating film
Severe coating film deformation
Complete dissolving of the coating film
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-Reverse Impact - Reverse impact testing was conducted using an impact testing
device. Formulations are coated on Bondorite steel panels and allowed to cure for 14
days at 250 C. Increasing amounts of weight were allowed to drop from a 4 foot height
until the film is damaged or until 160 pounds load was obtained.
-Perzos Hardness - The Perzos hardness tester was calibrated to glass, which has a
hardness of 420. The coated steel panels were conditioned for 14 days at 25 °C.
-Clarity - The.clarity test was a visual rating of the 1/8" thick films of the dried
polymer. This test was an indication ofthe compatibility ofthe compositional changes
in the polymer. A rating scale was developed to distinguish the clarity of the films
based on the following ratings: clear =5, translucent =3 and opaque =1.
-Stability during polymerization - The stability of the emulsion was based on the
amount of coagulum formed during the emulsion polymerization process. The scale for
stability is shown below. The eighteen experiments were polymerized according to the
standard formulations. Formulation numbers 3,11,15 and 17 were completely
coagulated because of poor stability during the emulsion polymerization of the acrylic
monomer and chain extension of the urethane prepolymer. In order to complete the
experiment a decision was made to polymerize the unstable polymer systems at 600 C
instead of 750 C using Vazo 52 initiator instead of Vazo 64.Vazo 52 has a lower
decomposition temperature than Vazo 62. Although this had some success, one
additional process change needed to be conducted. It was suspected that the low
Urethane/Acrylic ratio (25/75) may have been a factor in the stability; thus during the
initial polymerization, 50% of the acrylic monomer was withheld from the reaction.
The reduction in acrylic monomer essentially increased the Urethane/Acrylic ratio.
After the reaction proceeded for 30 minutes, the remaining acrylic monomer and
initiator were added and allowed to swell for 15 minutes: the reaction was then
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continued for 3-4 hours. This procedure proved to be successful in all reactions that
initially coagulated.
Stability Scale Description
10 Excellent Dispersion -minimal coagulum formed
(0-1000 ppm lnit)
5 Fair Dispersion - moderate coagulum formed - (usable)
. (1000-10000 ppm lnit)
1 Complete coagulation (not usable)
-Cost per pound- The cost per pound is based on raw material cost approximations.
The reason for the analysis was to determine relative cost contributions for each of the
factors in order to predict relative cost for each of the optimized formulations.
B. Dynamic Mechanical Spectroscopy Testing
-Dynamic Mechanical Spectroscopy - DMS was carried out using the Rhemetric RSA II
tension rheometer. The temperature sweep was between -1420C and 2500 C. The E'
loss modulus, E" storage modulus and the Tan delta E' / E" were plotted against
temperature. Films of the experimental formulations were cast on Mylar film and
allowed to dry for 24 hours at 250 C and then for 24 hours at 600 C to a dried film
thickness of approximately 0.40 to 1.0 cm. Samples were die cut into 12 cm wide by 30
cm long dimensions for testing.
VI. RESULTS
1. Raw Data
Testing was conducted on the 18 experimental runs of the L18 OA.
Table 9 is a summary of the MEK Double Rub tests and the resistance to the seven
different solvents applied to the coating. Table 10 is a summary of the physical
performance data: Reverse Impact, Perzos Hardness, Stability during polymerization,
Clarity and Cost! Pound.
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Table 9. - MEK Double Rub and Solvent Resistance Raw Data Summary for the L18 OA
SOLVENT MEKRUB MEK 10% HCI 10% NaOH
RESISTANCE Double Rubs Swell
1 >500 5 5 5
2 >500 4 5 5
2 8 1 5 5
4 >500 4.25 2 -'" 2.25
5 10 1 5 5
6 , >500 5 5 5
7 >500 1.5 5 4.5
8 >500 1.75 5 5
9 >500 5 5 5
10 >500 2.5 5 5
11 >500 3.0 5 5
12 20 1 5 3.25
13 >500 5 5 5
14 >500 5 5 5
15 5 1.5 5 2
16 >500 4 5 5
17 >500 5 4 5
18 >500 5 5 5
Table 9. continued
SOLVENT 50% Ethanol in 70% IPA in 10%NH40Hin Water
RESISTANCE Water Water water
1 2.75 2 5 5
2 2.5 5 5 5
2 4.25 1 4.5 5
4 1 1.5 1.5 1.25
5 2.5 1 4.5 5
6 4.5 5 5 5
7 2 1.75 4.5 4.5
-8 2.25 1.5 5 5
9 4.5 4.75 5 4.75
10 2.5 1 5 5
11 2 5 3.5 3.5
12 3.5 1 3.5 4.5
13 5 5 4.5 4.5
14 4.5 1 5 5
15 2 1 5 5
16 2.5 1.5 5 5
17 3.25 1 4.5 5
18 4.5 1 5 I 5
30
Table 10 is a summary ofthe physicarproperties measured on the L18 OA experimental
runs.
Table 10. Physical Performance Raw Data for the L18 OA
Physical REVERSE PERZOS CLARITY STABILITY COST/
Performance IMPACT HARDNESS 5=clear DURING POUND
Test (LBS) GLASS = 3=translucent POLYM.
420 l=opaque
1 152 260 5 10 0.83
2 160 100 5 10 1.05
2 160 156 3.5 1 0.63
4 160 244 5 10 1.17
5 16 202 1 10 0.67
6 160 267 5 7 0.92
7 16 269 4.5 10 0.73
8 160 144 3.5 10 0.96
9 160 191 5 10 1.20
10 144 132 5 10 0.99
11 4 260 4.5 1 0.69
12 76 51 2 10 0.75
13 40 218 5 10 0.95
14 160 280 5 7 1.04
15 160 10 1 1 0.65
16 96 37 1 10 0.74
17 4 178 4 1 0.93
18 4 243 5" 8 1.13
(
~2. Taguchi Response C1.lr\tes
The Taguchi res~nse curves for the L18 orthogonal array show the level average
response for each of the factors for the various physical and performance properties. The
contribution for each level of the factor was calculated by first summing and then averaging
"-
the respotse data for each level of the factor. For e~ple, the level average response for
Factor A at the two levels Al and-A2 was calculated by summing experiments number 1
through 9 and then averaging to obtain the level average response for AI; experiments
number 10 through 18 were summed and averaged to obtain the level average response for
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A2. Because of the orthogonality of the design space, each of the factors can be viewed
independently, as the remaining factors and levels are held constant.
The response curve shows the influence of each of the factors and the AxB interaction on the
various performance and physical properties. The response curves show the contribution of
each of the factors on the average response; in order to predict the total response, each of
the eight factors (A through H) at a particular level would be summed and averaged. This
type of analysis enables the chemist to see the relative impact of the factors, and by
combining the various factors, a new optimized formulation can be developed that has
significantly higher performance than originally determined in the 18 experiments. The
eight factors can produce more than four thousand combinations, thus by determining
which factors are important and selecting the proper level there is a possibility that an
optimized formulation can be achieved for more than one performance characteristic.
A. Solvent Resistance -
The first response curves of Graph 1 show the level average response for solvent
resistance, based 6h the seven different solvents used in the experiment. This response
curve is an overall performance comparison, it shows the factors resistance to all ofthe
solvents tested. Thus a higher rating means that the average solvent resistance is higher,
independent of the particular solvent used. This type of analysis is good for selecting gross
effects; a more detailed solvent resistance investigation which examines the factors
resistance to each particular solvent follows in the next series of response curves. Below is a
summary ofthe main responses showing improvement in solvent resistance.
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IFACTOR
D - POLYOL TYPE
E - ACRYLIC TYPE
F- URETHANE/ACRYLIC RATIO
H- Aziridine
MAIN RESPONSES
Factor D3 (polyether polyol) shows an
overall higher solvent resistance than the
polyester polyols Factors D1 and D2
Factor E1 (MMA) And Factor E3 (BMA) are
superior to Factor E2 (BA) acrylic polymer
used
Factor F2 (75/25) And Factor F1 (50/50)
give better solvent resistance than Factor
F3 (25175) urethane/acrylic ratio
Factor H2 0.75 pphAziridine has the most
significant impact on solvent resistance
versus all other factors
The ANOVA table in Graph 1B is also included, which shows the variance of each of the
factors, the factors that were pooled as error and the overall % rho of the experiment.
Factors D, E, F, and especially H, were the significant factors that affected the variance of
r----
-,
the solvent resistance. Factors A, B, C and G were pooled as error because of their small
effect on solvent resistance. The % rho for primary error (e) was 9.1%, which suggests that
the overall test had good reproducibility. In tp.e source column, factor S which represents
the seven different solvents used has a % rho of 35%, which shows that the solvent type has
a significant effecr on the performance variance.
The next series of responses in Graphs 2-1 through 2-3 illustrates how each ofthe
factors perform against a particular solvent used. This enables a closer investigation of the
factors resistance to each oft1).e solvents at each ofthe levels of the factors. Below are
[
general observations of the main responses to the various solvents challenge to the
urethane/acrylic coatings.
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I SOLVENT
A-NCO TYPE
B-POLYOLMW
C - NCO/OR RATIO
D - POLYOL TYPE
E - ACRYLIC TYPE
F- URETHANE/ACRYLIC RATIO
G-TMPLEVEL
R - AZIRIDINE CROSSLINKER
I RESPONSE
No significant difference between the two
isocyanates used
No significant contribution at the various
molecular weight ranges
The ethanol/water resistance is improved at
the 4/1 NCO/OR ratio
An overall improvement with the polyether
polyol D3, on sodium hydroxide,
ammonium hydroxide and water resistance
The butyl acrylate E2 gave lower overall
performance than methyl methacrylate and
butyl methacrylate components of the
urethane/acrylic hybrid .
The 25/75 Ratio (F3) gave poor MEK
resistance
No significant contribution at any level in
improving chemical resistance
Large improvement in the isopropyl alcohol
resistance and moderate improvement in
the MEK resistance
The solvent resistance of the eighteen experimental films for each particular solvent
was compared against the overall average solvent resistance for all the solvents. The grand
average solvent resistance was approximately 3.9, as seen on the Taguchi response curves;
this is the dotted line appearing across the graph labeled T. Ther solvent resistance rating
was based on a one to five scale, where one is a poor resistance rating, three is a good
resistance rating and five an excellent resistance rating. This grand average T is the films
overall ability to withstand all of the solvents used. Below is a summary of the solvents
power to damage the film. If the overall average of the solvent resistance for a particular
solvent was high, the films were generally resistant to the solvent as a function of the eight
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factors and level changes investigated in the orthogonal array. The overall average for each
of the particular solvents was estimated by viewing all the factors A through Hand
averaging their overall response. If the overall average of the solvent resistance rating was
low, the films are generally not resistant to the particular solvent. Although the average
solvent resistance response was important, dramatic improvements or negative effects of a
particular factor or level are of significant interest because they can lead to an
understanding of the chemical factor changes needed in the formulation in order to optimize
the solvent resistance.
SOLVENT
S1
MEK
S2
10% HCI
S3
10% NaOH
SIGNIFICANT RESPONSE
Average 3-4 rating showing good resistance to MEK. Poor
resistance with (F3) 25/75 Urethane/Acrylic ratio.
All responses average 4-5 rating above the overall average 3.9
rating showing excellent resistance to HCl. No significant
negative response.
All responses average a 4-5 rating showing excellent resistance.
Except the low Tg E2 butyl acrylate has lower resistance than
the MMA and BMA.
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S4
50%ETOH
S5
70% ISOPROPYL
ALCOHOL
S6
S7
WATER
Average response is 2.5 to 3.5, below the overall average of 3.9.
Ethanol is damaging to the Urethane/Acrylic hybrid films.:The
low 4/1 NCO/OH ratio C3 slightly improves the solvent
resistance. The butyl acrylate E2 and the low Urethane/Acrylic
ratio F3 show an overall lower solvent resistance as compared to
the other levels in the factors.
The isopropyl alcohol is the most damaging solvent to the
.n
Urethane/Acrylic hybrid polymer with a rating of 1.5-2.5. All
factors have minimal improvement in the IPA resistance except
aziridine crosslinker factor H2. The aziridine crosslinks with the
acrylic acid functionality found on the backbone of the urethane
due to the reaction with dimethanolpropionic acid, to render the
film insoluble to the polar solvent.
Ammonium hydroxide is not damaging to the urethane / acrylic
films, as seen by its 4-5 solvent resistance rating.
The Urethane/Acrylic films are basically not effected by water as
seen by the 4-5 solvent resistance rating for the various factors
and levels.
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B. MEK Double Rub
The MEK double rub resistance has five main effects that contribute to good
performance, as seen in Graph 3.
1) The polyol with a 500 molecular weight shows better MEK resistance due to the greater
proportion ofthe urethane hard segment. At low polyol molecular weights a significant
increase in hard segment proportion was found due to the increased isocyanate demand to
react with the shorter polyol chains, for example, at a 6.7/1 NCO/OR ratio, a 500 molecular
weight polyol would require 4.0 times more isocyanate than a 2000 molecular weight polyol.
2) The higher NCO/OR ratio also contributes to improved MEK resistance. The higher the
NCO/OR ratio, the more urea was formed during the chain extension reaction of the
urethane component. The higher NCO/OR ratio also contributes to the higher proportion of
the hard segement as compared to the polyol soft segement. 3) The high-Tg methyl
methacrylate is superior to the softer lower Tg butyl methacrylate and the butyl acryalate
polymers. 4) The Urethane/Acrylic-ratio'shows that the urethane component was the
predominant component for overall- MEK resistance. The hybrid polymer ratio was favored
at the 50/50 or higher Urethane/Acrylic ratio. 5) Finally, the aziridine crosslinker post-add
at the 0.75 pph level gives improved resistance to the MEK double rubs. The aziridine
crosslinker reacts with the dimethyolpropionic acid on the backbone of the urethane
polymer, rendering it resistant to isopropyl alcohol and methyl ethyl ketone.
The MEK double rub ANOVA table in Graph 3B shows the significant contribution
to variance due to Factors B, C, E, F and R. Factor F Urethane/Acrylic ratio has the
greatest effect on the MEK double rub resistance. Factors A, D and Interaction AxB were
pooled as error to obtain the % error contribution of 9.4%, which suggests that the data were
reproducible and can be used to make accurate predictions.
37
C. Reverse Impact
The reverse impact test results in Graph 4 shows an interesting interaction
between factor A and B. The use of A2 (lPDI isocyanate) in conjunction with low molecular
weight polyol B3 shows decreased impact resistance. The crystallizing polyester polyol factor
D2 also shows decreased reverse impact resistance as compared to the non-crystallizing
polyester and polyether polyols. The polyether polyol D3 (polytetramethylene ether glycol)
has the highest impact resistance as compared to the polyester polyols. The softer low Tg
butyl acrylate E2 shows better impact resistance than the harder high-Tg butyl
methacrylate and methyl methacrylate component of the Urethane/Acrylic hybrid. Because
of the poor performance of the high-Tg acrylics, the Urethane/Acrylic ratio is in agreement
with the acrylic type factor response; asthe Urethane/Acrylic ratio was increased to higher
urethane levels (lower acrylic levels), the reverse impact was increased. The urethane
component of the hybrid polymer also contributed to the high impact resistance because of
the combination of the soft and hard segments of the urethane, which make a extermly
tough polymer that is capable of absorbing the energy at impact.
The ANOVA table in Graph 4B shows that the factor D Polyol type was the largest
,
contributor to the variance in the reverse impact test. Factors C, G and H were pooled as
error to obtain an error contribution (e) of 21.22%. The error in the reverse impact was high,
. due possibly to the variation of the test readings that are taken in 50 pound increments.
D. Perzos hardness
The Perzos Hardness was mainly controlled by one factor, the acrylic type Factor E,
as seen in Graph 5. As expected, the low-Tg butyl acrylate had a significantly lower
hardness. The high-Tg butyl methacrylate and methyl methacrylate have increasing higher
hardness.
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The ANOVA table in Graph 5B shows Factor E with a % rho contribution of 63.1%, the
remaining factors C, D, F, Hand AxB interaction were pooled as error to obtain a error
contribution (e) of 24.6%. The main effect is observed; however, reproducibility and
predictability of the experiment will be low due to the error contribution.
E. Stability During Polymerization
The stability during polymerization is a simple measure of whether the emulsion
polymerization was successful. If the polymerization coagulated in the reactor it was noted
as a ratinf of one, and if it ran well in the reactor, it was rated as a ten. There is no
mechanism to explain why one emulsion had better stability than another. However, we can
look at the factors that contribute to poor stability during the polymerization, as seen in
Graph 6. For example, when a series of negative influences were brought together in one
experimental formulation with a rating of 5 or below, the overall probability was that the
reaction would coagulate unless the chain extension and acrylic polymerization reaction
were completed at a lower temperature and a higher Urethane/Acrylic ratio. The high
Urethane/Acrylic ratio was accomplished by reacting one half of the monomer during the
urethane chain extension; the remaining monomer is then added to the Urethane/Acrylic
polymer mixtureafter the reaction has proceeded for 30 minutes, then the polymerization
was continued.
The factors that contributed to poor emulsion polymerization stability are:
1) The IPDI isocyanate Factor A2,
2) the low NCO/OH ratio 5.3/1 and 4.0 /1 Factor C2 and C3,
3) the slow crystallizing polyester polyol Factor Dl,
4) the 25/75 urethane/acrylic ratio· Factor F3 and
5) addition oftrimethanol propane even at the low 0.1 equivalents level Factor G2 and G3.
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The ANaVA table in Graph 6B shows the main contributions of Factors A, C, D, F
and G. The remaining factors are pooled as error. The error contribution (e) in this analysis
was 30.1%. The high error was due to the simple rating scale used to describe a complex
stability issue.
F. Clarity
The clarity ofthe dried films ofthe L18 experiment were controlled by two main
effects and an interaction with the type of isocyanate used, as illustrated in the response
curve of Graph 7. The acrylic type Factor E2 showed the greatest tendency towards a cloudy
film. Another significant factor in the cloudy film formation was Factor F3 ( 25/75
Urethane/Acrylic ratio). Further investigation ofthe data by examining the interaction
responses curves offactor A2 (IPDI isocyanate) and factor E2 (butyl acrylate) revealed that
the IPDI polymer and the BA acrylic were not compatible, as seen by its strong tendency of
the films to turn cloudy. Another interaction between Factor Al (HMDI) and El (butyl
methacrylate) showed a moderate tendency for the films to turn cloudy which suggested
that the urethane and acrylic phases were incompatible.
The ANaVA table in Graph 7B shows the main contribution ofthe variance due to
Factor E (the acrylic type) and Factor F (the urethane / acrylic ratio). The remaining
insignificant factors were pooled as error (e). The error contribution was 34.6%, which is
again due to the simple rating scale used to describe the varying degrees of compatibility.
G. Cost / Pound
The cost per pound was primarily controlled by Factor F (the urethane/acrylic ratio)
and secondarily by Factor B (the polyol molecular weight) as seen in Graph 8. The polyol
molecuJar weight had an effect on the cost because the lower the molecular weight the
higher was the amount of isocyanate required to maintain the same equivalents.
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The ANaVA table of Graph 8B shows the main effect of Factors Band F. The
remaining factors were pooled as error (e). The error contribution was 4.6% suggesting
excellent predictability of the data.
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GRAPH 1. OVERALL AVERAGE SOLVENT RESISTANCE-RESPONSE CURVE
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GRAPH IE. OVERALL AVERAGE SOLVENT RESISTANCE -ANOVA TABLE
ANOVA Table - Mean Data
Source Pool Df S V 5' rho
--------------------------------------------------------------------
A [Y] 1 0.40 0.40
B [Y] 2 3.23 1. 62
C [Y] 2 4.93 2.47
D [N] 2 7.33 3.66 6.91 1. 21
E [N] 2 31.88 15.94 31. 46 5.50
F [N] 2 13 .08 6.54 12.66 2.21
G [Y] 2 3.17 1.58
H [N] 2 52.62 26.31 52.21 9.12
5 [N] 6 205.15 34.19 203.90 35.62
e1
e2
(e)
Total
[N]
[Y]
104
126
133
251
234.64
16.00
27.73
572.43
2.26
0.13
0.21
2.28
212.95
52.33
37.20
9.14
====================================================================
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GRAPH 2-1. SOLVENT RESISTANCE BY PARTICULAR SOLVENT - RESPONSE CURVE
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GRAPH 2-2. SOLVENT RESISTANCE BY PARTICULAR SOLVENT - RESPONSE CURVE ,
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GRAPH 2-3. SOLVENT RESISTANCE BY PARTICULAR SOLVENT - RESPONSE CURVE
Ex?r~nt: CHEHICAL RESISTANCE I
Hare: S=NO DISSOLUE I
Data: 3=SLICHT DISSOLUE IFile: A-~.ANU
Ho .... : ~=COHPLETE DISSOLUE IS/N: No~inal I
Mean
S.99
4.47
3.93
3.49
2.96
2.33
L79
-~\---F-::-------
I
I
"j
- - - - -T"
S~ S2 S3 S4 SS S6 S7
Expr"nt: CHEHICAL RESISTANCE I
More: S=NO DISSOLUE I
Data: 3=SLICHT DISSOLUE IFil'e:"l"A-LANU
Ho ..... : ~=COMPLETE DISSOLUE IS/H: No~inal I
He-a.n
4.36
3.72
3.99
2.44
L9~
1. ~ 7
Sl S2 S3 S4 SS S6 S7
46
- - - -T"
GRAPH 3. MEK DOUBLE RUB - RESPONSE CURVE
ExprMnt: HEl< RUB I Data: SGG RUB HAX IFi 1,,: A-3A.AHU
Ho:t"'e': RT CURE I Hore: IS/Ii: None
Hean
:lIIa. aa ~JB3
459.G3
4~B.G6 v-,- G------'!) - - - - - - -- ------ - - - - --377.GB
336.~1 ......--=i3 II!
295.~4
254.~7
Al A2 B~ B2 B3 A~ A2 C~ C2 C3 Dl D2 D3
E><pr""n t: HEl< RUB I Dat.a: SOla RUB HAX fFi 1,,: A-3A.AHU
More: RT CURE I Horoe: IS/Ii: Hone
Hean
:ilill'l.1'I1'I j/\ ~ A459.G34~8.1'16
_:_--\------- -
-/- -----j ---\\ - - -T377.1'18
336.1~ ,
295.~4
t
\
254.17 \0
,
El E2 E3 Fl F2 F3 C~ C2 C3 H~ H2 H3
47
GRAPGH 3B. MEK DOUBLE RUB - ANOVA TABLE
ANOVA Table - Mean Data
Source Pool Of S V 5' rho
-----------------------------------------------------------~---------
A [Y] 1 2.78 2.78
B [N] 2 212351.39 106175.69 204364.46 13.75
C [N] 2 372401. 39 186200.69 364414.46 24.51
0 [Y] 2 49876.39 24938.19
E [N] 2 212338.89 106169.44 204351.96 13.75
F [N] 2 377338.89 188669.44 369351.96 24.85
G [Y] 2 49876.39 24938.19
H [N] 2 212351.39 106175.69 204364.46 13.75
AxB [Y] 2 68.06 34.03
---------------------------------------------------------------------
e1
e2
(e)
[N]
[Y]
o
18
25
0.00
13.00
99836.61
0.72
3993.46 139771.26 9.40
---------------------------------------------------------------------
Total 35 1486618.56 42474.82
=====================================================================
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GRAPH 4. REVERSE IMPACT-RESPONSE CURVE
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GRAPH4B. REVERSEIMPACT-ANOVATABLE
~~OVA Table - Mean Data
Source Pool Df S v Sf rho
A [N] 1 11552.00 11552.00 10561.78 13.31
B [N] 2 7281.78 3640.89 5301.33 6.68
C [Y] 2 3889.78 1944.89
D [N] 2 27100.44 13550.22 25120.00 31. 66
E [N] 2 10199.11 5099.56 8218.67 10.36
F [N] 2 9495.11 4747.56 7514.67 9.47
G [Y] 2 1729.78 864.89
H [Y] 2 321.78 160.89
AxE [N] 2 7765.33 3882.67 5784.89 7.29
---------------------------------------------------._----------------
e1 [N] 0 0.00
e2 [Y] 0 0.00
(e) 6 5941.33 990.22 16833.78 21.22
---------------------------------------------------.-----------------
Total 17 79335.11 4666.77
=====================================================================
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GRAPH 5. PERZOS HARDNESS - RESPONSE CURVE
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GRAPH5B. PERZOSHARDNESS-ANOVATABLE
ANOVA Table - Mean Data
Source Pool Df S v Sf rho
A [N] 1 10272.22 10272.22 8450.23 6.71
B [N] 2 5568.11 2784.06 1924.13 1. 53
C [Y] 2 6779.11 3389.56
D [Y] 2 1474.11 737.06
E [N] 2 83174.78 41587.39 79530.80 63.14
F [Y] 2 5888.44 2944.22
G [N] 2 8731. 44 4365.72 5087.47 4.04
H [Y] 2 2753.44 1376.72
Ax3 [Y] 2 1324.78 662.39
----------------------------------------------------------------------
e1
e2
(e)
[N]
[N]
o
o
10
0.00
0.00
18219.89 1821.99 30973.81 24.59
Total 17 125966.44 7409.79
======================================================================
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GRAPH 6. STABILITY DURI:\G POLYMERIZATION - RESPONSE CURVE
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GRAPH 6B. STABILITY DURING POLYMERIZATION - ANOVA TABLE
ANOVA Table - Mean Data
Source Pool Df S v 5' rho
P. [N] 1 22.22 22.22 18.00 7.55
B [Y] 2 4.11 2.06
C [N] 2 54.11 27.06 45.67 19.15
D [N] 2 52.11 26.06 43.67 18.31
E [Y] 2 8.11 4.06
F [N] 2 42.11 21.06 33.67 14 .12
G [N] 2 34.11 17 .06 25.67 10.76
E [Y] 2 10.11 5.06
p->:3 [Y] 2 11. 44 5.72
-----------------------------------------------------------------
e: [N] 0 0.00
e2 [N] 0 0.00
(e) 8 33.78 4.22 71.78 30.10
T:::;'C.al 17 238.44 14 .03
==================================================================
54
GRAPH 7. FILM CLARITY - RESPONSE CURVE
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GRAPH 7B. FILM CLARITY -ANOVA TABLE
ANOVA Table - Mean Data
50urce Pool Df 5 v 5' rho
A [Y] 1 2.01 2.01
B [Y] 2 1.62 0.81
C [Y] 2 2.67 1. 33
D [Y] 2 1.17 0.58
E [N] 2 22.04 11.02 20.92 24.56
F [N] 2 37.04 18.52 35.92 42.17
G [N] 2 9.88 4.94 8.76 10.28
H [Y] 2 4.62 2.31
AxB [Y] 2 1. 26 0.63
-------------------------------------------------------------------
e1 [N] 0 0.00
e2 [Y] 18 2.88 0.16
(e) 29 16.23 0.56 19.59 22.99
Total 35 85.19 2.43
===================================================================
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GRAPH 8. COST PER POU~1) - RESPONSE CURVE
ExprMnt: COST/POUND
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GRAPH 8A. COST PER POUND - ANOVA TABLE
ANOVA Table - Mean Data
Source Pool Df s v S' rho
A {Y] 1 4.61E-3 4.61E-3
B [N] 2 0.05 0.02 0.05 8.03
C [Y] 2 1.32E-3 6.61E-4
D [Y] 2 4.24E-3 2.12E-3
E [Y] 2 3.11E-4 1. 56E-4
F [N] 2 0.50 0.25 0.50 87.37
G [Y] 2 9.48E-3 4.74E-3
H [Y] 2 4.89E-5 2.44E-5
AxB [Y] 2 1. 83E-4 g.14E-5
----------------------------------------------------,-------------
e1 [N] 0 0.00
e2 [N] 0 0.00
(e) 13 0.02 :i..55E-3 0.03 4.60
Total 17 0.57 0.03
==============================~=====================:=============
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3. OPTIMIZATION TABLE
The optimization table is a bookkeeping device to keep account of the various factors
and their optimal levels for each of the performance tests evaluated in the experimental
design. The process of selecting the major factors contributing to the variance in the
response is accomplished by examining the information in the Taguchi response curves and
the ANOVA table. For each performance test response the major factor and its
corresponding level was selected that contributes to the desired response. This is illustrated
in Table 11. For example in the Overall Solvent resistance test factors C, D, E, F and H
were determined to contribute significantly based on the ANOVA table and the Taguchi
response curves. The optimal level was then selected by viewing the Taguchi response curve
and selecting the higher level for each ofthe factors. In this case, for the overall best solvent
resistance C3, D3, El or E3, Fl or F2, and H2levels were selected to optimize the
performance. This process was continued for each of the remaining performance responses.
The insignificant factors were given a dash, which signifies that its contribution to the
response was minimal. The factors selected were accumulative; thus by selecting the proper
combination of f~ctors a performance greater than the original data may be achieved. The %
rho for error contribution was also included to gauge the reliability of the data. A % rho for
error between 0-30% is capable of reliably predicting an overall optimized formulation's
performance with statistical significance.
At the bottom ofthe table is the optimized formulation Opti #1 which was an
attempt to optimize as many of the performance properties as possible in one formulation.
The factors and their corresponding levels which contributed to the overall improvement for
as many performance reponses as possible were selected. Thus OPTI #1 optimized
formulation was as follows: A1, Bl, C3, D3, E1, F2, G1 and H2. Other optimized
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formulations with different performance objectives such as cost werel also predicted and
compared to OPTI # 1 in the next section.
,
Table 11. Optimization Table
PERFORMANCE TEST A B C D E F G H AXB % rho
ERROR
SOLVENT RESISTANCE - - 3 3 1,3 1,2 - 2 - 10,40
OVERALL PERFORM %
MEK - - - - 1 1,2 - 2 - -
10% HCL - - - - - - - - - -
10% NoOH - - - 3 1,3 - - - - -
50% ETOH/H20 - - 3 - 1,3 1,2 - - - J -
70% IPA - - - - - - - 2 - -
10% NH40H - - - 3 1,3 - - - - -
H2O - - - 3 - - - - - -
./'
MEK RUB- - 3 1 - 1 2,1 - 2 A1xB1 9,40%
REVERSE IMPACT 1 1,2 - 3 2 2,1 - - - 21,20
%
PERZOS HARDNESS 1 2,3 - - 1 - 3 - - 24.60
%
CLARIN - - - - 1 2,1 - - - 34,60
%
POLYMERIZATION STABILITY 1 - 1 2,3 - 1,2 1 - ' - 30,10
%
COST / POUND - 1 - - 3,1,2 - - - - 4,30%
OPTI #1 - 1 1 3 3 1 2 1 2 A1xB1
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4. PREDICTIONS
Once the factors and levels are chosen for all of the desired performance characteristics,
.y
the combination of all the factors and levels can be averaged together to obtain a process
average for the new optimized fonlmlation. Through this type of analysis, an understanding
of the effects of the factors and theIr corresponding levels can be determined. The process
average is a method for predicting an optimized formulation that has the best overall
performance characteristics. The performance at the optimum condition was estimated from
the sum of the significant factors as follows:
Yopt = TIN + (An - TIN) + (Bn - TIN) +(Cn - TIN) +... (Hn - TIN).
where
n = Factor level selected for optimum performance.
T= Grand total for all results
Y opt = Performance at optimal conditions
N = Total number of results
Only the significant factors were used in the determination of the process average, the
. remaining unimportant factors were pooled as error which was used to calculate the
statistical significance of the predicted response. The % rho (error) contribution was
typically around 10-30% . A % rho higher than 30% suggests that the data may have
sigp.ificant error contributing to the overall response, thus causing predictions to be less
reliable. The lower the % rho, the greater the probability that the confirmation run will be
of statistical significance.
The optimization formulations attempted to bring as many of the positive responses
into the experimental formulation as possible. The number of combinations in this part of
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the experiment is endless based on the variables that the customer desires and the cost
constraints that are imposed. This is what makes the experimental design very powerful in
that logical and statistically sound decisions can be made on the performance capabilities of
the system. Optimization #1 and #2 is an attempt to bring as many positive attributes as
possible into the experimental formulation with little regard to the cost. This is usually the
Chemists' dream and the sales' managers nightmare. Formulations OPTI #1 was tested
with the post-addition of the aziridine and Opti #2, is tested without the addition of
aziridine for comparison. The second experiment Optimization #3 and #4 gave good overall
performance at a more reasonable cost. These optimized formulations were based upon three
different levels of Factors C, D and F. The primary factor that was changed was Factor F
the urethane/acrylic ratio was changed from 75/25 ratio to the lower-cost 50/50
urethane/acrylic ratio. Next, Factor C NCO/OH ratio was change from a 4/1 ratio to a 6.7/1
ratio in order to improve the MEK double rub resistance.
The Anova TM 2.6 software package allows for the predictions of the optimized
formulations with statistical significance limits. Below is a summary of the process averages
,~
(predictions) of the top four formulations based on the following performance tests: Solvent
resistance, MEK Rub Resistance, Reverse Impact, Clarity, Polymerization satiability ,
Perzos Hardness and Cost/pound.
Table 12A through Table 12C show the predicted results of the optimized
formulations #1 through #4, with the statistical significance based on the pooling error
contribution. Below is a summary ofthe predictions based on the performance tests for the
optimized formulations
Solvent Resistance - As can be seen from the data, Opti #1 with aziridine crosslinker had
the highest overal reistance to all the solvents tested. The isopropyl alcohol resistance was
given a rating of 3.5, which is significantly better than the non-aziridine crosslinked
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urethane/acrylic films. Opti #1 maintained a 0.6 point improvement in the overall solvent
resistance test as compared to the lower-cost Opti # 3 formulation.
Methyl Ehyl Ketone Double Rub Test - Opti formulations #3 and #4 were statistically better
than the the higher-cost Opti #1 and #2 formulations because ofthe change in Factor C the
NCO/OH ratio. The higher 6.7/1 NCO/OH ratio has better resistance to MEK because ofthe
increased urethane hard-segment proportion.
Reverse Impact - the reverse impact was predicted to ~e better for the OPTI #1 and #2
formulations because ofthe contribution of Factor D, the polyether polyol type and Factor F
the higher urethane/acrylic ratio.
Perzos Hardness - No significant changes in the hardness we~~ctedwith the factors
and levels selected.
Clarity - The clarity ofthe OPTI #1 formulation was slightly better than that of the OPTI
#3 formulation. This can be attributed to the higher urethane/acrylic ratio. Incompatabilty
ofthe urethane and acrylic components were the primary cause of poor film clarity. Thus,
by decreasing the acrylic component, clarity of the fim was improved.
Stability During Polymerization - Both optimized formulations OPTI #1 and #3 have
excellent predicted polymerization stability.
Cost/pound - The cost/pound predictions showed a 20% decrese in cost with OPTI
formulation #3 as compared to OPTI #1 formulation.
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Table 12A. Predicted Performance Results for Optimized Formulation
FORMULATION PERFORMANCE TEST
OPTIMIZATION AB C D E F GH AxB Solvent MEK 10% 10% ETOH/
Resistance HCI NoOH H2OAveraae
OPTI #1 1 1 3 3 1 2 1 2 1xl 5.2 4.7 6.1 5.8 4.4
OPTI #2 1 1 3 3 1 2 1 1 1xl 4.4 3.9 5.3 5.1 3.6
OPTI #3 1 1 1 1 1 1 1 2 1xl 4.6 4.1 5.5 5.3 3,8
OPTI #4 1 1 1 1 1 1 1 1 1xl 3.8 3,3 4.7 4,5 3.1
ERROR +-0.17 +-0,21 +-0,21 +-0.21 +-0.21
RATING SCALE 5=RESISTANCE
1= DISSOLVE
Table 12B. Predicted Performance Results For Optimized Formulation (continued)
FORMULATION PERFORMANCE TEST
OPTIMIZATION AB C D E F G H AxB 70% IPA 10% H2O MEK RUB REV.IMPACT
NH40H
OPTI #1 1 1 3 3 1 2 1 2 1xl 3.5 5,8 5,9 526 200
OPTI #2 1 1 3 3 1 2 1 1 1xl 2.8 5 5.1 362 200
OPTI #3 1 1 1 1 1 1 1 2 lxl 3 5.2 5.3 692 157
OPTI #4 1 1 1 1 1 1 1 1 1xl 2,2 4,5 4,6 528 157
ERROR +-0.21 +-0.21 +-0,21 +-71 +-63
RATING SCALE 500 = EXEC.
l=POOR
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Table 12C. Predicted Performance Results For Optimized Formulation (continued)
FORMULATION PERFORMANCE TEST
OPTIMIZATION A B C D E F G H AxB PERZOS CLARITY STABIL- COSTILB
HARD ITY
OPTI #1 1 1 3 3 1 2 1 21x1 259 5.0 10.8 $1.06
OPTI#2 1 1 3 3 1 2 1 11x1 259 5.0 10.8 $1.01
OPTI #3 1 1 1 1 1 1 1 21x1 259 4.3 11.4 $0.85
OPTI #4 1 1 1 1 1 1 1 11x1 259 4.3 11.4 -$0.80
ERROR +-62 +-0.7 +-3.5 +- .04
RATING SCALE 5= CLEAR 10=STABLE
l=OPAQUE 1= UNSTABLE
CONFIRMATION RUNS
The confirmation runs show the predicted process average for the optimized formulation as
compared to the confirmation batch shown in Tables 13A and 13B. The overall results show
that the confirmation run was within the statistical confidence limits of the predicted
formulations.
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Table 13. Confirmation Runs - Predicted Versus Actual
FORMULATION A B C D E F G H AxB CHEMRES REV
AVG IMPACT
PREDICT ACTUAL PREDICT ACTUAL
OPTI#1 1 1 3 3 1 2 1 21x1 5.2 4.9 - -
OPTI #2 1 1 3 3 1 2 1 11x1 4.4 4.3 200 160
OPTI#3 1 1 1 1 1 1 1 21x1 4.6 4.5 - -
OPTI#4 1 1 1 1 1 1 1 11x1 3.8 4.3 157 152
ERROR +-0.17 +-63
Table 13B. Confirmation Runs - Predicted Versus Actual
FORMULATION A B C D E F G H AxB STABILITY DURING CLARITY
POLYMERIZATION
PREDICT ACTUAL PREDICT ACTUAL
OPTI #1 1 1 3 3 1 2 1 21x1 - - - -
OPTI#2 1 1 3 3 1 2 1 11x1 10 10 5 4.5
OPTI#3 1 1 1 1 1 1 1 21x1 - - - -
OPTI #4 1 1 1 1 1 1 1 11x1 10 10 4.3 5
ERROR +- 3.5 +- 0.7
,
,
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5. Dynamic Mechanical Spectroscopy Results
The dynamic mechanical spectroscopy results for the experimental runs of the L18
OA are given in Graphs 14 through 32.
The dynamic mechanical spectroscopy (DMS) analyses were conducted using a Rheometric
RSA II Rheometer. The samples were tested at a temperature sweep from -142 to + 250 °C
at a frequency of 6.28 rad/sec. Readings were taken at 60 C increments, starting at -1420C
through 2500 C. The samples were cooled with liquid nitrogen. The Rheometer tested in the
tension mode at 0.1% strain. The loss modulus E', storage modulus E" and tan delta were
measured at the varying temperatures.
Below is a summary ofthe primary effects of the factors and corresponding levels.
The 118 OA was used to determine the level averages for each of the effects at each level.
The tan delta for each of the eighteen experiments was entered into the ANOVA TM 2.6
.
software by setting up an outer array at 39 levels; each level represented a temperature
ranging from -89.3 to 143.80C at 60C increments. Once the data is entered in the software
the level averages were computed. The level averages for factors A through G were
calculated and then graphically expressed into a Excel spread sheet for graphical
presentation. Through the use of the orthogonal array, the effects of each of the factors can
be determined as the remaining factors are held constant. The concept of the remaining
factors being held constant is best described as follows. If, for example, the two levels of
factor A are being investigated, the remaining seven factors are averaged, that is, the three
levels at each of the seven factors are averaged. This can be accomplished because of the
orthogonality of the experimental design. Because ofthis orthogonality, the effects ofthe
other factors are balanced out so that the primary effect of Factor A can be examined. Thus,
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in this interpretation, the variance from Factor Al and Factor A2 can be examined. The
remaining 7 factors are represented by their average effects. so when we examine the graph
representing Factor A at each of the two levels, the other factor for example, factor B, is
.,
represented as the average effect of the three levels. The same reasoning holds true for
Factors C, D, E, F, and G. So in essence,we get an average tan delta curve for all of the
factors except for the one factor that is being investigated at each of the levels. The effects
of each of the important factors are described below:
FIGURE 10. Urethane Polymer without acrylic
Graph 10 shows the DMS tan delta curve for a urethane polymer with out the
acrylic component. This curve is from an actual polymer that was polymerized like the other
Urethane/Acrylic hybrids except that the acrylic monomer was not added. Thus we get a
reference standard for the urethane component. The urethane polymer has two transitions
due to the soft and hard segments of the polymer. The soft segment, which is essentially the
polyol component, has a transition at -400C. The hard segment, which is the urea
-'
component, has a transition at +lOOoC.
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FIGURE 11. Isocyanate Type Tan Delta Temperature Sweep
The Orthogonal Array shows the average response for the two levels of Factor A.
Factor Al is the response for the HMDI based urethane/acrylic hybrid polymer and A2 is
the response for IPDI based urethane/acrylic hybrid polymer. Factor Al has two
transitions, a weak transition occurring at -40oC, the other occurring at +250 C. Factor A2
also has two transitions, a strong peak at -40oC and a broad transition at approximately
lOOoC. In order to understand the occurrence of these transitions, we must first examine
the compatibility data based on the film clarity testing. From the clarity compatibility data,
the following observations about the acrylic type and the urethane/acrylic ratio were made.
a) The HMDI-based hybrid polymer was partially compatible with the butyl methacylate
acrylic. The IPDI based hybrid polymer was not compatible with the butyl acrylate acrylic.
ISOCYANATE ACRYLIC CLARITY URETHANE
ACRYLIC
COMPATmn..ITY
HMDI MMA CLEAR COMPATIBLE
HMDI BMA SLIGHT HAZE PARTIALLY COMPo
HMDI BA CLEAR COMPATIBLE
IPDI MMA CLEAR COMPATIBLE
IPDI BMA CLEAR COMPATIBLE
IPDI BA HAZY INCOMPATIBLE
b) It was also observed that as the Urethane/Acrylic ratio was increased in the acrylic
component, the compatibility decreased as follows;
URETHANE/ACRYLIC CLARITY URETHANE ACRYLIC
RATIO COMPATIBILITY
75/25 CLEAR COMPATIBLE
50/50 SLIGHT HAZE PART. COMPATIBILITY
25/75 HAZE POOR COMPATIBILITY
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The shift downward in the tan delta transition for Factor Al can be understood if we
consider the overall compatibility of the acrylic types with the HMDI- based urethane. The
HMDI isocyanate is compatible with the butyl acrylate and the methyl methacrylate
acrylics and incompatible with the butyl methacrylate acrylic. The tan delta response cure
for Factor Al show the tan delta transition occurring at +20 °C which is the Tg ofthe butyl
methacrylate, this transition was observed because of the incompatibility of the
urethane/butyl methacrylate acrylic phases. The weak tan delta transition at -40oCwas
attributed by the soft segment transition of the urethane component.
Factor A2, the IPDI based urethane has a sharp characteristic transition at -40oC, which
was attributed to the soft-segment urethane component. However, based on the film clarity
data, the butyl acrylate and the IPDI-based urethane form a incompatible phases, as seen
by their cloudy films; thus, the sharp transition at -40 C was attributed to the butyl acrylate
Tg transition, which masked the weaker urethane soft-segment transition.
Figure 11.
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FIGURE 12. Polyol Molecular Weight
The average effect of the polyol molecular weight in the urethane component showed
that tan delta transition was decreased as the molecular weight was increased. The average
decrease in the tan delta as the molecular weight was increased was due to the increased
soft segment contribution to the structure of the urethane. Conversely, as the molecular
weight of the polyol was decreased, large isocyanate hard-segment domains were formed
causing the tan delta peak to shift upwards.
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FIGURE 13. POLYOL TYPE
The polyol type had a primary response based upon the chemical type of polyol used.
The polyester polyols D1 and D2 showed a broad transition between 600C and 90oC,
whereas the polyether polyol D3 had two transitions, one at 300C and the other at 105°C.
This is attributed to compatibility of the polyol with the various phases of the hybrid
polymer.
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The three tan delta transitions found in the acrylic type response curve reflect the
Tg of the acrylic used in the hybrid polymer.
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TAN DELTA
66 °C -100 °C (BROAD)
+24 °C (SHARP)
-41°C (SHARP)
The tan delta transition was in very good agreement with the Tg of the acrylic used. The OA
is able to
show the effect of each of the acrylics on the position of the tan delta peak. This is one of the
largest responses determined, mainly due to the strong transitions of the l:\.crylic polYmers
have in the urethane/acrylic hybrid polymers.
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Figure 15. URETHANE/ACRYLIC RATIO
The urethane/acrylic ratio ranged from a predominantly urethane continuous phase
at the 75/25 ratio to a 50/50 urethane/acrylic blend, to a predominant acrylic continuous
phase. As mentioned above, the urethane/acrylic ratio plays an important role in the clarity
or compatibility of the polYmer phases. The 75/25 urethane/acrylic ratio was compatible, as
shown by its clear films. The films ofthe 50/50 urethane/acrylic ratio also showed good
clarity. The 25/75 urethane/acrylic ratio was the least compatible, as shown by its
translucent films.
The 25/75 ratio was of particular interest because of the increasing incompatibility
ofthe urethane and acrylic phases. The response curve illustrates this by showing three
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distinct transitions due to the BA, BMA and the MMA acrylics used. The 50/50 and the
75/25 urethane/acrylic ratio were more compatible and showed the typical urethane
transition at -400C and tan delta transition at approximately 900 C.
Figure 15
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FIGURE 16. NCO/OR Ratio - Modulus E'
Factor C, the NCO/OR ratio, had complex transitions that were beyond the scope of
this paper; however, a plot of the E' Loss modulus showed that, as the NCO/OR ratio is
increased from 4/1 to 6.7/1, the modulus was increased from 1.0 x E+7 to 1.0 x E+9 at
elevated temperatures ranging from lOOoC to 1400C . This was attributed primarily to the
increased hard-segment contribution, which would have higher heat resistance.
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FIGURE 17. Urethane/Acrylic Ratio Modulus E'
The Urethane/Acrylic ratio also showed a drop in the modulus as the ratio goes from
75/25 to 25/75 . The urethane component contributed to the higher heat resistance of the
polymer blend! whereas the acrylic on the average had poor heat resistance above lOOoe. It
is interesting that the 50/50 ratio resembled the 75/25 ratio more than the 25/75 ratio. A
synergism occurs around the 50/50 ratio which gives the incresed modulus performance at
the higher temperatures.
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CONCLUSIONS
The synthesis ofthe Urethane/Acrylic hybrid polymers with the use of experimental
design strategies offers opportunities to explore unique combinations of a wide variety of
chemicals at varying levels and ratios. In this work, Urethane/Acrylic dispersions were
synthesized by modifying the two backbone polymer networks. First the urethane
component was varied with changes in the type of isocyanate, polyol molecular weights,
polyol structure and the addition of TMP functionality to promote branching. The second
modification was to the acrylic backbone. Varying the Tg's of the acrylic backbone offered
insight into the morphology ofthe hybrid polymer. Modifying the continuous phase from
acrylic to urethane enabled the investigation of the synergisms between the urethane and
acrylic interpenetrating polymer networks.
Coating performance testing further defined the limits of the technology. Chemical
resistance, impact resistance and emulsion polymerization stability were investigated. With
the use of experimental design, the performance could be optimized by selecting the
important factors and levels within the design space. The ANOVA table also assisted in
determining the variability of the performance responses. The variability is due to a large
number offactors such as the actual polymerization of the polymer, test methods, test
substrates and conditions and a considerable number of other possibilities such as strong
interactions between two types of chemicals. With the use of design strategies some of these
noise effects can be minimized, or at least made known, as to not mislead the researcher
into misinterpreting a performance result.
Dynamic Mechanical Spectroscopy was also a valuable tool in understanding the
influences the chemical changes had on the polymer mechanical behavior. Urethane and
acrylic structural changes have large influences on the tan delta transitions. The DMS
allows one to determine the compatibility of the various chemical structural and level
changes that ultimately lead to the development of performance coatings.
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GRAPH 9B. DMS EXPERIMENT #1
123~i-T-lA
------------------------------------------~----------- ----------
KO. TDIP E' E" TA~
-
DELTA FORCE
degrees C dyn/em.sq. d,'n/em. sq. g
1 -1~3.~ 1.902e+l0 1.400e+09 i.362e-02 2.703e+02
2 -13i.5 1. 963e+l0 5.38ie+08 2.7He-02 2.7He+02
3 -131.2 1. 940e+l0 5.554e+08 2.863e-02 2.708e+02
~ -125.2 1. 9He+l0 5.~0ge+08 2.827e-02 2.702e+02
5 -119.2 1. 8i3e+l0 5.506e+08 2.9~Oe-02 2.692,,+02
6 -113.3 1. 8~Be+l0 4.B67e+OB 2.634e-02 2.685,,+02
-107.4 1.852e+l0 5.218e+08 2.818e-02 2.686e+02
8 -101.2 1. B~5e+l0 4.B8ge+08 2.650e-02 2.684e+02
9 -95.~ 1.83~e+l0 4.950e+08 2.698e-02 2.681e+02
10 -89.3 1.826e+l0 5.068e+08 2.775e-02 2.678e+02
11 -83.3 1.818e+l0 5.077e+08 2.793e-02 2.676e+02
12 -77.2 1. 810e+l0 5.198e+08 2.872e-02 2.6i3e+02
13 -71. 2 1.795e+l0 5.463e+08 3.0He-02 2.66ge+02
14 -65.3 1. 77;e+l0 5.505e+08 3.09ge-02 2.664e+02
15 -59.~ 1. 755e+10 5.4B2e+08 3.123e-02 2.658e+02
16 -53.5 1. ;22e+10 5.883e+08 3.416e-02 2.6~8e+02
17 -47.3 1. 6;3e+10 6.637e+08 3.966e-02 2.634e+02
18 -41. 3 1. 594,,+10 7.934e+08 4.978e-02 2.610e+02
19 -35.3 1. 476e+ 10 8.9;4e+08 6.0BOe-02 2.571e+02
20 -29.5 1. 365e+ 10 9.424e+08 6.905e-02 2.52ge+02
21 -23.5 1. 255e+l0 9.710e+OB 7.73ge-02 2.481e+02
22 -17 .3 I.H5e+l0 9.970e+08 B.710e-02 2.42;e+02
23 -11. 3 1.041e+l0 9.98ge+08 9.59;e-02 2.368,,+02
24 -5.2 9. H2e+09 9.774e+08 1. 035e-Ol 2.305e+02
25 0.7 8.505e+09 9.497e+08 1. 117e-Ol 2.235e+02
26 6.7 ;.612e+09 9.196e+08 1. 208e-01 2.15;e"'02
27 12.~ 6.797e+09 B.705e+08 1. 281e-Ol 2.0i~e"'02
28 IB.~ 6.004e+09 8.133e+08 1. 355e-01 1.980,,+02
29 2~.3 5.286e+09 7.52ie+08 1. 424e-Ol 1. BB I e+02
30 30.~ 4.615e~09 6.B83e+OB 1. 491e-0 1 1.i;~e+02
31 36.~ 3.96ge+09 6.35ge+08 1.602e-01 1.631e+02
32 ~2.5 3.366e+09 6.031e+08 1. 792,,-01 1. .120('+02
·33 48.~ 2.S:::5e+09 5.~55e+OB 1.931('-01 1.~ele+O:2
34 5~.2 2. 310e"'09 4.8;1,,+08 2.10ge-01 1.226E't02
35 60.2 1. 8Fe-09 ~.295e"'08 2.32;e-01 1.063e+02
36 66.2 1.~20,,+1)9 3.723e+08 2.622e-Ol B.8;5e+01
37 ·0 ? 1.017('+09 3.131e+08 3.07ge-Ol 6.9~3e+Ol,_ 0 -
38 78.1 6.~29,,+08 2.396e+08 3.727,,-01 4.825,,+01
39 8~.2 3.953e+08 1. 712e+08 4.330e-Ol 3.182e+Ol
40 90.2 2.612e+08 1.235e+08 ~.72ge-Ol 2.190e+01
41 96.1 1. 8~3e+OB 9.017e+0; L 893e-Ol 1.578e+Ol
4z' 102.2 1.350e+08 6.628e+07 4.908e-Ol 1.167e+Ol
43 108.1 1.025,,+08 ~.934e+07 4.814e-01 !l.875e+00
44 IH.O ;.992e+0; 3. 76~e+07 4.710e-Ol 6.894e+00
45 119.9 6.264e+07 2.912e+07 L 64ge-01 6.720,,+00
46 125.9 4.960e+07 2.298e+07 4.632e-Ol 6.617e+00
47 131. 8 3.913e+07 1.806e+Oi 4.615e-Ol 6.455e+00
48 137.8 3.40~e+Oi 1.68~e+Oi ~.9~8e-Ol 6..142e+00
49 1~3.8 2.52ge+Oi 1.235e+Oi 4.B63e-01 6.060e+00
50 1~9.9 1.930,,+Oi 9.150e+06 4.7~3e-01 5.735e+00
51 156.0 1.515e+07 6.996e+06 4.61ge-01 5.603e+0052 162.0 1.18~e+07 5.~88e+06 4.635e-01 5.~85e+0053 168.0 8.193e+06 3.882e+06 4.737e-01 3.838e+005~ I 7~. I 3.29ie+06 1. 7~3e+06 5.286e-Ol 1.580e+0055 180.2 4.916e+05 2.~He+05 ~.965e-01 2.32ie-0156 186.1 1.~88e+05 ~.108e~04 2.760,,-01 6.5~ie-0257 192.0 6.205e+0~ 1.838e+0~ 2.962e-Ol 2.7~~,,-0258 198.1 .5.1i~e+0~ O.OOOe+OO O.OOOe+OO 2.3.15,,-0259 20~.1 3.89Ie+0~ 2.220e+0~ 5.706e-Ol 1.900e-0260 210.0 9.376e+03 8.~12,,"'01 8.'972e-03 3.9i6e-03
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GRAPH lOB. DMS EXPERIMENT #2
125~7-T2A TE~PERATLRE SI."EEP
----------------------------------------------------------------
~O. TDIP E' E" TAN_DELTA FORCE
degrees C dyn/cm.sq. dyn/cm. sq. g
-1~3.2 1.7He+l0 1. 435e+09 8.36ge-02 2.66~e+02
-137.~ 1.782e+l0 6.922e+08 3.884e-02 2.678e+02
-131.2 1. 73ge+l0 6.075e+08 3.493e-02 2.666e+02
-125.3 1.697e+l0 5.817e+08 3.~28e-02 2.65~e+02
5 -119.3 1. 651e+ 10 5.170e+08 3.132e-02 2.640e+02
6 -113.3 1. 616e+ 10 ~.6Ue+08 2.854e-02 2.62ge+02
-107.4 1. 590e+ 10 4.456e+08 2.802e-02 2.621e+02
8 -101. 1 1.561e+l0 4.407e+08- 2.824e-02 2.611e+02
9 -95.1 1. 534e+l0 4.678e+08 3.050e-02 2.602e+02
10 -89.2 1.50ge+l0 4.767e+08 3.160e-02 2.593e+02
11 -83.1 1. 47ge+10 4.966e+08 3.358e-02 2.582e+02
12 -77.1 1. 446e+ 10 5~295e+08 3.661e-02 2.570e+02
13 -71.1 1.408e+l0 5.81ge+08 4.131e-02 2.556e+02
14 -65.3 1. 352e+10 6.766e+08 5.006e-02 2.533e+02
15 -59.5 1. 223e+ 10 9.590e+08 7.841e-02 2.47ge+02
16 -53.3 1. 028e+ 10 1. 197e+09 1. 165e-Ol 2.378e+02
17 -47 .4 8.52~e+09 1. 147e+09 1. 346e-Ol 2.257e+02
18 -41. 2 7.434e+09 8.164e+08 1. 098e-Ol 2.156e+02
19 -35.5 6.877e+09 6.392e+08 9.295e-02 2.095e+02
20 -29.5 6.400e+09 5.474e+08 8.553e-02 2.040e+02
2,
-23.6 5.990e+09 4.921e+08 8.215e-02 1.988e+02
22 -17.4 5.585e+09 4.452e+08 7.973e-02 1.932e+02
23 -11. 3 5.218e+09 4.10ge+08 7.874e-02 1. 878e+02
2~ -5.2 4.867e+09 3.807e+08 7.822e-02 1.822e+02
25 0.9 4.527e+09 3.505e+08 7.742e-02 1.763e+02
26 6.9 4.213e+09 3.188e+08 7. 567e-02 1.703e+02
2, 12.5 3.924e+09 2.863e+08 7.297e-02 1.644e+02
28 18.4 3.638e+09 2.521e+08 6.92ge-02 1. 581e+02
29 24.3 3.374e+09 2.200e+08 6.522e-02 1. 51ge+02
30 30.2 3.160e+09 1. 917e+08 6.068e-02 1. ~6~e+02
31 36.3 2.996e+09 1.795e+08 5.992e-02 1.~20e+02
32 42.6 2.831e+09 1. 767e+08 6.243e-02 1.374e+02 ~
33 48.4 2.66ge+09 1.802e+08 6.752e-02 1. 327e+02
3~ 54.3 2.473e+09 1.871e+08 7.567e-02 1. 267e+02
35 60.2 2.265e+09 1.986e+08 8.766e-02 1.200e+02
36 66.2 2.070e+09 2.087e+08 1. 008e-0 1 1.133e+02
37 72.0 1.895e+09 2.176e+08 1. 14ge-Ol 1.068e+02
38 78.1 1.720e+09 2.257e+08 1. 312e-Ol 1. 001e+02
39 84.2 1.536e+09 2.342e+08 1. 525e-01 9.252e+Ol
40 90.3 1.34ge+09 2.383e+08 1. 767 e-Ol 8. D2e+Ol
41 96.3 1.165e+09 2.390e"08 2.051e-Ol 7.576etOl
42 102.2 9.84~e+08 2.337et08 2.374e-Ol 6.674e+Ol
~3 103.0 8.068e+08 2.22ge+08 2.762e-Ol 9· 725 e+01
4~ 114.0 6.36ge"08 2.046e+08 3.212e-01 4.746e+Ol
45 119.9 4.836e+08 1. 801e+08 3.725e-Ol 3.792e+Ol
F 126.0 3.532e+08 1.505e"08 4.261e-Ol 2.912e+Ol
F 131. 8 2.496e+08 1.200e+08 4.806e-Ol 2.158e+01
48 137.9 1. 710e+08 9.112e"07 5.330e-01 1. 542e+Ol
l~ 143.9 1.I~Ae+08 6.59ge+')7 5.751e-Ol 1.070e+Ol
50 149.9 7.622e+07 4.568e·07 5.994e-01 7.256e+00
51 156.1 5.118e+07 3.130e+07 6.116e-Ol ~.891e+0052 162.0 3.731e+07 2.870e+07 7.692e-Ol 4.218e+0053 168.0 1. 821e+07 1.504e+07 8.256e-Ol 2.657e+0054 17 ~. 1 4.881e+06 3.937e+06 8.066e-01 8.843e-Ol55 180.1 2.994e+05 1.950e+05 6.512e-01 6.288e-0256 186.2 4.765e+04 1.758e+04 3.691e-Ol 1. 117e-025, 192.0 1. 478e+04 7.720e+03 5.225e-01 4.581e-0358 197.8 O.OOOe+OO 5.855e+03 1.702et35 4.06~e-03
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GRAPH lIB. DMS EXPERIMENT #3
"-
1~~~7-T-1 TE~PE~AT[RE S~EEP, 4/20/94
----------------------------------------------------------------
,0. n~IP E' E" T,\,_DELTA FORCE
degrees C dyn/cm.sq. dyn/cm.sq. g
\ 1 -143.3 1.434e+l0 1.027e+09 7.162e-02 2.645e+02
2 -137.4 1. 492e+ 10 4.513e+08 3.025e-02 2.660e+02
3 -131.0 1.454e+l0 4.0He+08 2.75ge-02 2.647e+02
4 -124.7 1. 426e+ 10 3.564e+08 2.500e-02 2.637e+02
5 -118.8 1. 402eTlO 3.583e+08 2.555e-02 2.62ge+02
6 -113.4 1. 383e+ 10 3.597e+08 2.601e-02 2.622e+02
-107.6 1. 366e+ 10 3.697e+08 2.708e-02 2.6He+02
8 -101. 4 1.347e+l0 3.721e+08 2.763e-02 2.607e+02
9 -95.4 1. 328e+ 10 3.851e+08 2.900e-02 2.59ge+02
10 -89.6 1. 308e+ 10 4.175e+08 3.193e-02 2.591e+02
11 -83.5 1.274e+l0 4.685e+08 3.676e-02 2.578e+02
12 -76.7 1.21ge+l0 5.707e+08 4.682e-02 2.554e+02
13 -71.4 1.154e+l0 6.488e+08 5.624e-02 2.524e+02
14 -65.5 1. 078e+10 7.070e+08 6.562e-02 2.485e+02
15 -59.4 1.000e+l0 7.390e+08 7.390e-02 2.442e+02
16 -53.2 9.158e+09 7.616e+08 8.317e-02 2.387e+02
17 -47.7 8.410e+09 7.763e+08 9.230e-02 2.333e+02
18 -40.7 7.547e+09 7.971e+08 1. 056e-0 1 2.262e+02
19 -35.5 6.787e+09 8.194e+08 1. 207e-(h 2.190e+02
20 -29.1 6.003e+09 8.42ge+08 1. 404e-Ol 2.103e+02
21 -23.0 5.185e+09 8.541e+08 1.6He-Ol 1.996e+02
22 -17.7 4.46ge+03 8.285e+08 1. 854e-Ol 1.884e+02
23 -10.6 3.686e+09 8.038e+08 2.181e-Ol 1. 736e+02
2~ -5.7 3.053e+09 7.834e+08 2.566e-Ol 1.591e+02
25 0.7 2.342e+09 7.516e+08 3.20ge-Ol 1.393e+02
26 7.0 1. 58ge+09 6.842e+08 4.307e-Ol 1. 121e+02
0- 12.8 8.990e+08 5.511e+08 6.130e-Ol 7.H8e+Ol
-'
28 18.6 3.805e+08 3.26ge+08 8.590e-Ol 4.011e+Ol
29 2402 1. 476e+08 1.562e+08 1.05ge+00 1.842e+Ol
30 28.9 6.840e+07 7.263e+07 1.062e+00 8.944e+00
31 35.2 3.76ge+07 3.536e+07 9.381e-Ol 4.66ge+00
32 42.6 2.530e+07 1.980e+07 7.827e-Ol 3.620e+00
33 48.6 1. 797e+07 1.191e+07 6.627e-Ol 3.034e+00
34 54.5 ,1.372e+07 7.586e+06 5.530e-Ol 2.750e+00
35 60.3 1.117e+07 5.170e+06 4.628e-Ol 2.678e+00
36 66.2 9.523e+06 3.818e+06 4.00ge-Ol 2.763e+00
37 72.2 8.29ge+06 2.963e+06 3.570e-Ol 2.926e+00
38 78.2 7.381e+06 2.435e+06 3.29ge-Ol 3.15ge+00
39 84.2 6.616e+06 2.078e+06 3.Hle-Ol 3.402e+00
40 90.3 5.83ge+06 1.753e+06 3.002e-Ol 3.005e+00
41 96.4 5.220e+06 1.53ge+06 2.948e-Ol 2.683e+00
42 102.2 4.717e+06 1. 377e+06 2.920e-01 2.423e+00
43 108.2 4.282e+06 1.225e+06 2.861e-Ol 2.196e+00
44 114.2 3.906e+06 1. 095e+06 2.803e-01 2.000e+00
45 120.1 3.611e+06 1.003e+06 2.778e-Ol 1.84ge+00
46 126.1 3.350e+06 9.006e+05 2.688e-Ol 1. 711e+00
47 131. 9 3.15ge+06 8.21ge+05 2.60Ie-01 1.610e+00
45 138.0 2.963e+06 7.444e+05 2.512e-01 l. 507e+00
49 144. I 2. 78ge"06 6.953e+05 2.493e-01 1.418dOO
50 150.1 2.628e+06 6.374"+05 2. 426e-0 1 1.334e+00
51 156. 1 2.435e+06 5.586e+05 2.294e-Ol 1.233e+OO
52 162.2 2.171e+06 4.924e+05 2.268e-01 1.09ge+00
53 168.3 1.837e+06 3.618e+05 1. 96ge-0 1 9.240e-Ol
5~ 174.2 1.384e+06 2.294e+05 1. 658e-0 1 6.921e-01
55 180.2 8.66ge+05 1.323e+05 1. 526e-0 1 4.328e-Ol56 186.2 4.905e+05 6.544e+04 1. 334e-01 2. 443e-0 157 192.1 3.091e+05 3.437e+04 1.112e-Ol 1.535e-0158 198. I 2.170e+05 3.167e+04 1. 460e-0 1 1.082e-Ol
59 203.9 1.556e+05 9.537e+03 6.12ge-02 7.695e-0260 209.9 1. 103e+05 1. 713e+04 1. 553e-01 5.511e-0261 215.9 8.748e+04 4.Hle+03 4.734e-02 4.323e-0262 221. 8 8.851e"04 1.367e+04 1. 544e-01 4.421e-0263 227.9 8.232e+04 5.497e+03 6.678e-02 40 073e-0264 233.8 5.984e+04 5.43ge+03 9.08ge-02 2.966e-0265 239.7 6.123e+04 5.641 e+03 9.212e-02 3.036e-02
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GRAPH 12B. DMS EXPERIMENT #4
12547-4'\ Temperature S'ee[j
----------------------------------------------------------------
~O. TD1P E' E" TAN
-
DELLI FORCE
degrees C dyn/cm.sq. d~'n/em. sq. g
1 -143.4 1. 461e+10 1. 02ge+09 7.040e-02 2.670e+·02
2 -137.2 1.470e+l0 5.628e+08 3.82ge-02 2.670e+02
3 -131.0 1. 471e+l0 5.49ge+08 3.737e-02 2.670e+02
4 -125.3 1.468e+10 5.802e+08 3.951e-02 2.668e+02
5 -119.3 1. 446e+ 10 5.63ge+08 3.89ge-02 2.661e+02
6 -1l3.4 1. 435e+10 5.28ge+08 3.685e-02 2.656e+02
-107.2 1. 434e+10 5.772e+08 4.024e-02 2.656e+02
8 -101.1 1.417e+10 6.063e+08 4.278e-02 2.650e+02
9 -95.1 1. 391e+10 6.348e+08 4.562e-02 2.641e+02
10 -89.3 1. 360e+ 10 6.802e+08 5.003e-02 2.62ge+02
11 -83.4 1.317e+l0 7.643e+08 5.805e-02 2.613e+02
12 -77.3 1. 244e+l0 8.607e+08 6.917e-02 2.585e+02
13 -71.0 1. 145e+l0 9.386e+08 8.197e-02 2.541e+02
14 -63.2 1.035e+l0 9.425e+08 9.107e-02 2.484e+02
15 -59.4 9.307e+09 9.118e+08 9.797e-02 2.421e+02
16 -53.5 8.324e+09 8.465e+08 1.017e-Ol 2.351e+02
17 -47 .4 7.490e+09 7.55ge+08 1. 00ge-Ol 2.281e+02
18 -H.2 6.811e+09 6.538e+08 9.600e-02 2.214e+02
19 -35.1 6.215e+09 5.645e+08 9.082e-02 2.147e+02
20 -29.3 5.698e+09 5.105e+08 8.95ge-02 2.082e+02
21 -23.5 5.208e+09 4.748e+08 9.116e-02 2.013e+02
22 -17.6 4.748e+09 4.527e+08 9.535e-02 1. 9He+02
23 -11.3 4.301e+09 4.431e+08 1. 030e-01 1.863e+02
24 -5.2 3.862e+09 4.406e+08 1. 141e-Ol 1.778e+02
25 0.8 3.418e+09 4.441e+08 1. 29ge-01 1.681e+02
26 6.6 2.968e+09 4.465e+08 1. 505e-0 1 1.568e+02
?- 12.4 2.50ge+09 4.477e+08 1.784e-01 1.436e+02- ,
28 18.3 2.025e+09 4.408e+08 2.177e-Ol 1. 274e+02
29 24.4 1. 534e+09 4.18ge+08 2.731e-01 1.075e+02
30 30.3 1. 0 77e+09 3.682e+08 3. H8e-01 8.483e+Ol
31 36.4 7.06ge+08 2.893e+08 4.096e-Ol 6.201e+Ol
32 42.4 4.637e+08 2.072e+08 4.468e-01 4.37ge+01
33 48.5 3. 132e"'08 1.424e+08 L 51ge-01 3.100e+Ol
34 54.4 2.248e+08 9.916e+07 4.410e-Ol 2.257e+Ol
35 60.4 1.660e+08 7.010'0+07 4.222e-Ol 1. 684e+Ol
36 66.4 1. 257e+08 3.080e+07 4.046e-Ol 1.282e+Ol
37 72.1 9.866e+07 3.762e+07 3.814,,-01 1. 006e+0 1
38 78.7 7.767e+07 2.766e+07 3.361e-Ol 7.905e+00
39 84.3 6.362e+07 2.091e+07 3.288e-Ol 6.443e+00
40 90.4 5.332e+07 1.623e"'07 3.044e-Ol 6.71ge+00
H 96.5 4.531e+07 1.239,,+07 2.77ge-Ol 7.104e+00
42 102.2 L 0 11e+07 1. 0 1300+07 2.325e-Ol 7.827e+00
13 108.2 3.56f,e+07 8.31 !,,"'Of, 2.339,,-01 8.638,,+00
44 114.5 3.19300"'07 6.866e+06 2.150e-Ol 9.671e+00
43 120.3 2.925f'~O'i 5.897e"'06 2.016e-Ol 1. 105e+0 1
46 126.3 2.70ge+07 5.018e+06 1. 852e-0 1 1. 022e+0 1
47 132.2 2.540e+07 4.404e+06 1. 733e-Ol 9.56900+00
1'3 1:18.2 2.378e+07 :l. ~RR,,"'06 1.635e-Ol 1. 118e+Ol
D 143.8 2.130,,-07 3. 14 2e+06 1.57ge-Ol 1. 024e+Ol
50 1.',0.2 1. 919,,-07 3. ,4300+06 1. 638e-0 1 9.007e+00
51 136.3 1.551e+07 2.995e+06 1. 931e-Ol 9.097e+0052 162.2 6.817e+06 2.806e+06 4.115e-Ol 3.733e+0053 168.5 4.563e+06 2.132e+06 4.672e-Ol 2.565e+0054 174. 1 2.231e+06 1.248e+06 5.594e-Ol 1.303e+0055 180.0 9.687e+05 7.126e+05 7.356e-Ol 6.131e-Ol56 186.0 3.18ge+03 3.471e+05 1.08ge+00 2.404e-Ol5, 192.1 2. 141e.;.04 3.931e+04 1.846e+00 2.292e-0258 197. :; O.OOOe+OO 1.522e+04 1.702e+35 1.902e-0239 203.5 5.017e+04 3.443e+03 6.862e-02 2.564e-026:1 209.6 O.OOOe+OO 3. 74ge"'04 1.702e+35 1. 951e-02
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GRAPH 13B. DMS EXPERIMENT #5
125~7-T5,~
----------------------------------------------------------------
so. TDIP E' E" TAN
-
DELTA FORCE
degrees C dyn/e:n.sq. dj'nlem. sq. g
1 -143.5 1. 9lie+10 1.191e+09 6.20ge-02 2.53~e+02
2 -137.~ 1. 926e+10 6.246e+08 3.242e-02 2,53~e+02
3 -131.0 1. 898e+ 10 5.586e+08 2.943e-02 2.525e+02
~ -125.3 1.875e+10 4.928e+08 2.628e-02 2.518e+02
5 -119.~ 1. 852e+ 10 4.924e+08 2.65ge-02 2.510e+02
6 -113.4 1. 835e+10 ~.884e+08 2.662e-02 2.50~e+02
7 -107.3 1. 821e+10 4.8~Oe+08 2.65ge-02 2.49ge+02
8 -101.0 1. 798e+10 4.951e+08 2.753e-02 2.492e+02
9 -95.2 1. 777e+10 5.116e+08 2.87ge-02 2.48~e+02
10 -89.~ 1. 758e+10 5.156e+08 2.934e-02 2.478e+02
11 -83.3 1.732e+10 5.393e+08 3.114e-02 2.46ge+02
12 -77.2 1. 70ge+ 10 5.671e+08 3.318e-02 2.460e+02
13 -71.1 1. 680e+ 10 5.923e+08 3.526e-02 2.44ge+02
1~ -65.3 1.6~2e+10 6.404e+08 3.89ge-02 2.435e+02
15 -59.2 1. 592e+ 10 7.177e+08 4.507e-02 2.416e+02
16 -53.4 1. 527e+10 7.947e+08 5.205e-02 2.390e+02
17 -~7.5 l.H7e+10 8.858e+08 6.120e-02 2.356e+02
18 -41. 3 1. 363e+ 10 9.387e+08 6.890e-02 2.3lie+02
19 -35.4 1. 276e+10 9.982e+08 7.822e-02 2.273e+02
20 -29.4 1.18ge+10 1.055e+09 8.87ge-02 2.225e+02
21 -23.6 1.096e+10 1. 11ge+09 1. 021e-01 2.168e+02
22 -17.5 9.95ge+09 1. 201e+09 1. 206e-01 2.101e+02
23 -11.5 8.885e+09 1.286e+09 1.4~7e-01 2.018e+02
2~ -5.2 7.696e·09 1.363e+09 1. 770e-0 1 1. 913e+02
25 1.0 6.422e+09 1. 407 e+09 2.190e-01 1. 777e+02
26 6.6 5.10~e+09 1.403e+09 2.7~ge-01 1.605e+02
?- 12.6 3.691e+09 1. 337e+09 3.622e-01 1.36ge+02-,
28 18.~ 2.368e+09 1. 151e+09 4.861e-01 1.068e+02
29 24.4 1.288e+09 8.195e+08 6.363e-01 7.146e+01
30 30.5 6.377e+08 4.831e+08 7.576e-01 4. 128e+01
31 36.~ 3.251e·08 2.611e+08 8.032e-01 2.265e+01
32 42.6 1.882e+08 1. 407 e+08 7.476e-01 1. 296e+01
33 48.4 1. 191e+08 8.018e+07 6.734e-01 8.020e+00
3~ 5~.3 8.157e+07 4.818e+07 5.906e-01 5.28ge+00
35 60.1 6.041e+07 3.150e+07 5.214e-01 4.694e+00
36 65.9 4.832e+07 2.296e+07 4.751e-01 4.481e+00
37 71. 9 3.90~e+07 1. 750e+07 4.483e-01 4.316e+00
38 78.0 3.121e+07 1.350e+07 4.326e-01 4.117e+00
39 8~.2 2.30ge+07 1.01~e+07 4.393e-01 3.820e+00
40 90.1 1. 754e+07 7.817e+06 4.456e-01 3.637e+00
41 96.2 1. 374e+07 6.176e+06 4.496e-01 3.568e+00
42 102.1 1.10~e·07 ~.993e+06 ~.522e-01 3.590e+00
~3 108.1 9.060e+06 ~. 102e+06 4.528e-01 2.967e+00
44 113.9 7.578e+06 3.431e+06 4.528e-01 '2. ~83e+00
45 119.9 6.43~e+06 2.918e+06 4.535e-01 2.108e+00
~6 125.9 5.513e+06 2.518e+06 4.568e-01 1.80ge+00
47 131. 9 4.785e~06 2.156e+06 4.506e-01 1. 567e+00
48 138.0 4.121e·06 1.886e·06 ~.578e-01 1. 35 3e+00
~9 143.8 3.577e+06 1. 61~e·06 4.512e-01 1.172e+00
50 149.9 3.08ge+06 1. 380e+06 ~.468e-01 1.010e+00
51 156.1 2.713e+06 1. 125e+06 4.146e-01 8.772e-0152 162.1 2.321e+06 8.560e+05 3.688e-01 7.387e-0153 168.1 2.020e+06 6.~83e+05 3.21Oe-01 6.336e-015~ 17~.2 1. 67~e+06 ~.660e+05 2.784e-01 5.190e-0155 180.2 1.505e+06 3.030e+05 2.013e-01 4. 586e-0156 186.2 1.278e·06 1. 312e+05 1. 026e-0 1 3.838e-0157 192.0 1.138e+06 8.888e+0~ 7. 813e-02 3.~08e-0158 197. 9 9.088e+05 7.307e+0~ 8.040e-02 2.723e-0159 203.9 7.115e+05 6.~80e+0~ 9.107e-02 2.13~e-01
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GRAPH 14B. DMS EXPERIMENT #6
12547-T-6 TE~PERATCRE S~EEP, 2/23/94
----------~---------------------------------------------------
1'0. TDIP E' E" TAN_DELTA FORCE
degrees C dyn/cm.sq. dyn/cm.sq. g
1 -147.B 1.B16e+l0 3.935e+OB 2.167e-02 2.634e+02
2 -142.2 1.743e+l0 3.622e+OB 2.07ge-02 2.613e+02
3 -136.2 1.724e+l0 3.390e+OB 1.966e-02 2.60Be+02
4 -129.B 1.705e+l0 2.7B4e+OB 1.633e-02 2.601e+02
5 -124.5 1.6B3e+l0 2.B04e+OB 1.666e-02 2.594e+02
6 -11B.5 1.663e+l0 2.751e+OB 1.654e-02 2.5BBe+02
7 -112.6 1.642e+l0 2.731e+OB 1.663e-02 2.5Ble+02
B -106.5 1.621e+l0 2.B7ge+OB 1.776e-02 2.574e+02
9 -99.7 1.601e+l0 2.947e+OB 1.B40e-02 2.567e+02
10 -93.B 1.5B3e+l0 3.073e+OB 1.941e-02 2.560e+02
11 -BB.l 1.564e+l0 3.27ge+OB 2.097e-02 2.553e+02
12 -Bl.6 1.537e+l0 3.415e+OB 2.222e-02 2~43e+02
13 -76.5 1.502e+l0 3.72Be+OB 2.4B2e-02 2(531e+02
14 -70.3 1.462e+l0 4.311e+OB 2.94ge-02 2i515e+02
15 -64.3 1.414e+l0_ 4.95ge+OB 3.50Be-02 2.496e+02
16 -57.9 1.363e+l0 5.437e+OB 3.9BBe-02 2.4j5e+02
17 -52.5 1.322e+l0 5.BB2e+OB 4~44ge-02 2.457e+02
IB -46.2 1.277e+l0 6.227e+OB 4.B7Be-02 2.436e+02
19 -40.2 1.227e+l0 6.343e+OB 5.171e-02 2.411e+02
20 -34.3 1.1Ble+l0 6.53ge+OB 5.535e-02 2.3B7e+02
21 -2B.7 1.132e+l0 6.B72e+OB 6.071e-02 2.360e+02
22 -22.2 1.07ge+l0 7.196e+OB 6.66ge-02 2.32ge+02
23 -16.6 1.021e+l0 7.696e+OB 7.537e-02 2.292e+02
24 -10.5 9.4Bge+09 d B.4Ble+OB B.93Be-02 2.244e+02
25 -4.0 B.595e+09 B.B2Be+OB 1.027e-Ol 2.175e+02
26 1.7 7.942e+09 B.317e+OB 1.047e-Ol 2.117e+02
27 7.6 7.373e+09 B.162e+OB 1.107e-Ol 2.062e+02
2B 13.3 6.79Be+09 B.161e+OB 1.200e-Ol 2.001e+02
29 19.1 6.197e+09 B.I06e+OB 1.30Be-Ol 1.930e+02
30 25.1 5.536e+09 7.935e+OB 1.433e-Ol 1.842e+02
31 31.5 4.795e+09 7.703e+OB 1.606e-Ol 1.72ge+02
32 37.0 4.065e+09 7.370e+OB 1.B13e-Ol 1.59Be+02
33 43.4 3.206e+09 7.120e+OB 2.221e-Ol 1.415e+02
34 49.B 2.365e+09 6.36ge+OB 2.693e-Ol 1.1B6e+02
35 55.5 1.763e+09 5.254e+OB 2.9BOe-01 9.795e+Ol
36 61.4 1.202e+09 4.024e+OB 3.34ge-Ol 7.43Be+Ol
37 67.3 7.79ge+OB 2.B51e+OB 3.656e-Ol 5.2BOe+Ol
3B 73.2 5.01Be+OB 1.966e+OB 3.91Be-Ol 3.635e+Ol
39 79.3 3.442e+OB 1.406e+OB 4.0B4e-Ol 2.607e+Ol
40 B5.4 2.495e+OB 1.050e+OB 4.206e-Ol 1.94Be+Ol
41 91.5 1.B62e+OB B.067e+07 4.333e-Ol 1.4B7e+Ol
42 97.4 1.407e+OB 6.314e+07 4.4B7e-Ol 1.14Be+Ol
43 103.4 1.055e+OB 4.B61e+OT 4.606e-Ol B.753e+00
44 109.2 7.916e+Oi 3.64Be+07 4.60ge-Ol 6.623e+OO
45 115.1 6.052e+OT 2.6Ble+07 4.430e-Ol 6.32Be+OO
46 121.1 4.77ge+OT 1.956e+07 4.093e-Ol 6.203e+00
47 127.1 3.BB6e+07 1.41ge+07 3.652e-Ol 6.233e+00
4B 133.1 3.300e+07 1.033e+Oi 3.131e-Ol 6.510e+00
49 13B.9 2.905e+OT 7.761e+06 2.672e-Ol 7.0B5e+00
50 145.0 2.611e+Q7 6.161e+06 2.360e-Ol 7.901e+00
51 151.1 2.323e+07 5.221e+06 2.24Be-01 B.746e+00
52 157.3 1.936e+Oi 4.57ge+06 2.365e-Ol 9.040e+00
53 163.2 B.441e+06 3.433e+06 4.067e-Ol 3.613e+00
54 169.1 5.965e+06 2.45Be+06 4.121e-01 2.55ge+00
55 175.2 2.605e+06 9.64ge+05 3.704e-Ol 1.103e+OO
56 1Bl.4 7.46ge+05 2.34ge+05 3.145e-01 3.10ge-Ol
57 lB7.2 2.BOOe+05 7.647e+04 2.731e-01 1.153e-Ol
5B 193.1 1.3Ble+05 1.B07e+04 1.30Be-Ol 5.533e-02
59 199.1 6.726e+04 9.792e+02 1.456e-02 2.671e-02
60 205.0 7.252e+04 4.01ge+03 5.542e-02 2.BB4e-02
~1 211.0 4.9T6e+04 9.404e+03 1.B90e-Ol 2.011e-02
62 217.0 4.66Be+04 1.692e+03 3.624e-02 1.B55e-02
63 222.9 3.16Be+04 9.452e+03 2.9B4e-Ol 1.313e-02
64 228.9 4.7B6e+04 1.541e+04 3.21ge-Ol 1.997e-02
65 235.0 1.37ge+04 O.OOOe+OO O.OOOe+OO 6.602e-03
66 241.0 5.591e+04 O.OOOe+OO O.OOOe+OO 2.257e-02
67 246.9 B.BB4e+04 O.OOOe+OO O.OOOe+OO 3.52ge-02
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GRAPH 15B. DMS EXPERIMENT #7
1254,-T-7 TDIPERATlRE SI,EEP
----------------------------------------------------------------
so. TDIP E' E" TAN_DELTA FORCE
degrees C d::n/em. sq. dyn/em.sq. g
1 -143.2 2.445e+10 1.451e+09 5.937e-02 2.603e+02
2 -137.2 2.563e+10 6.071e+08 2.36ge-02 2.624e+02
3 -131. 1 2.537e+10 5.73ge+08 2.262e-02 2.61ge+02
4 -125.1 2.505e+10 6.017e+08 2.402e-02 2.612e+02
5 -119.3 2.462e+10 6.547e+08 2.65ge-02 2.603e+02
6 -113.4 2.416e+10 6.918e+08 2.863e-02 2.593e+02
-107.3 2.373e+10 7.078e+08 2.982e-02 2.584e+02
8 -101.1 2.321e+10 6.922e+08 2.982e-02 2.571e+02
9 -95.2 2.268e+10 6.896e+08 3.040e-02 2.55ge+02
10 -89.3 2.216e+10 6'. 731e+08 3.037e-02 2.546e+02
11 -83.3 2.166e+10 6.514e+08 3.007e-02 2.533e+02
12 -77.2 2.117e+10 6.668e+08 3.150e-02 2.520e+02
13 -71.0 2.064e+10 7.038e+08 3.410e-02 2.506e+02
14 -65.2 2.006e+10 7.723e+08 3.850e-02 2.48ge+02
15 -59.5 1. 936e+ 10 8.142e+08 4.205e-02 2.468e+02
16 -53.5 1. 857e+ 10 8.705e+08 4.688e-02 2.443e+02
17 -47 .2 1. 764e+ 10 9.470e+08 5.367e-02 2.412e+02
18 -41.3 1. 675e+10 1.013e+09 6.047e-02 2.37ge+02
19 -35.3 1. 568e+10 1. 070e+09 6.822e-02 2.338e+02
20 -29.5 1.462e+10 1.156e+09 7.911e-02 2.291e+02
21 -23.5 1. 341e+10 1. 242e+09 9.264e-02 2.234e+02
22 -17.4 1.208e+10 1.344e+09 1. 113e-01 2.162e+02
23 -11. 3 1. 056e+ 10 1. 447 e+09 1. 370e-01 2.067e+02
2. -5.1 8.87ge+09 1. 495e+09 1. 684e-0 1 1.93ge+02
25 0.7 7.214e+09 1. 421e+09 1.96ge-01 1.780e+02
26 6.6 5.778e+09 1.203e+09 2.083e-01 1.602e+02
?- 12.5 4.745e+09 9.611e+08 2.025e-Ol 1. 43ge+02-/
28 18.6 3.996e+09 7.898e+08 1.977e-01 1.300e+02
29 24.3 3.412e+09 7.028e+08 2.060e-Ol 1. 178e+02
30 30.2 2.763e+09 6.558e+08 2.374e-01 1.028e+02
31 36.3 1.897e+09 6.210e+08 3.274e-Ol 7.953e+Ol
32 42.1 9.391e+08 4.907e+08 5.225e-01 4.690e+01
33 48.2 4.0.,3e+08 2.778e+08 6.838e-01 2.333e+01
34 54.G 1.740e+08 1. 296e+08 7.450e-01 1. 070e+01
35 60.4 7.284e+07 5.273e+07 7.23ge-01 4.600e+00
36 66.5 3.927e.+07 2.586e+07 6.586e-01 2.425e+00
3, 72.4 2.510e+07 1.457e+07 5.804e-01 1.877e+00
38 78.4 1. 802e+07 8.864e+06 4.918e-01 1.627e+00
39 84.5 1. 418e+07 6.036e+06 4.256e-01 1.564e+00
40 90.8 1.188e+07 4.213e+06 3.548e-01 1. 597e+00
41 96.7 1. 044e+07 3.316e+06 3.177e-Ol 1. 737e+00
42 102.6 9.274e+06 2.68ge+06 2.900e-Ol ·1.917e+00
43 108.5 8.288e+06 2.284e+06 2.755e-01 2.137e+00
44 114.3 7.540e+06 1. 94ge+06 2.585e-01 2.423e+00
45 120.4 7.232e+06 1. 756e+06 2.427e-01 2.333e+00
46 126.3 6.875e+06 1. 627e+06 2.366e-Ol 2.217e+00
4, 132.2 6.601e+06 1.520e+06 2.302e-Ol 2.128e+00
48 138.1 6.390e+06 1. 420e+06 2.222e-01 2.05'e+00
49 144.3 6.17ge+06 1.2'4e+06 2.062e-01 1. 984e+00
50 149.9 5.954e+06 1.2;7e+06 2.145e-01 1. 91/e+OO
51 156.3 5.577e+06 1. 14 7e+06 2.056e-01 1.794e+00
52 162.0 5.40ge+06 1. 02, e+06 1. 898e-Ol 1.736e+00
53 168.2 5.202e+06 8.76ge+05 1. 686e-01 1.665e+00
54 1, .j, 2 5.171e+06 8.217e+05 1. 58ge-01 1.655e+00
55 180.1 5.144e+06 7.744e+05 1. 505e-Ol 1.646e+00
56 186.1 4.96ge+06 8.198e+05 1. 650e-Ol 1.596e+00
57 192.3 4.907e+06 8.032e+05 1.637e-01 1. 57ge+00
58 198. 1 4.996e+06 8.016e+05 1. 604e-Ol 1. 612e+00
59 20·1. 1 5.167e+06 8.036e+05 1. 555e-01 1. 673e+00
60 209.8 5.286e+06 8.370e+05 1. 583e-Ol 1. 721e+00
61 216.0 5.591e+06 6.282e+05 1. 123e-Ol 1.817e+00
62 221. 7 6.380e+06 6.11/e+05 9.587e-02 2.080e+00
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GRAPH 16B. DMS EXPERIMENT #8
12S;,T-8A
----------------------------------------------------------------
so. TE~IP E' E" TAN_DELTA FORCE
degrees C dyn/cm.sq. dyn/cm.sq. g
1 -1~3.2 1.~2~e+l0 1.008e+09 7.080e-02 2.660e+02
2 -137.1 1.S6ge+iO 4.31~e+08 2.750e-02 2.701e+02
3 -131. 0 1. 54ge+l0 3.810e+08 2.460e-02 2.695e+02
~ -125.1 1. 532e+10 3.755e+08 2.451e-02 2.690e+02
5 -119.3 1. 51Se+l0 3. ?lOe+08 2.448e-02 2.685e+02
6 -113.2 1.497e+lO 3.888e+08 2.598e-02 2.678e+02
-107.1 1. 478e+10 4.028e+08 2.726e-02 2.672e+02
B -100.8 1.~S~eTlO ~.333e+08 2.97ge-02 2.66~e+02
9 -95.1 1. U5e;-l0 4.621e+08 3.242e-02 2.654e+02
10 -89.2 1.385e+l0 5.177e+08 3.737e-02 2.641eT02 ':""J.
11 -83.2 1.33ge+l0 5.908e+08 4.413e-02 2.62~e+02
12 -7i.l 1. 275e+ 10 6.853e+08 5.376e-02 2.59ge+02
13 -70.9 1. 1i6e+10 8.303e+08 7.061e-02 2.558e+02
14 -65.2 1. 030e+ 10 1. 031e+09 1. 002e-Ol 2.~86e+02
15 -59.5 8.667eT09 9.42ge+08 1. 088e-Ol 2.383e+02
16 -53.3 7.6~5e+09 6.8He+08 8.913e-02 2.298e+02
17 -~'.2 6.986e+09 5.72ge+08 8.200e-02 2.235e+02
18 -41. 1 6.422e+09 5. 114e+08 7.964e-02 2.175e+02
19 -35.3 5.916e+09 4.722e+08 7.982e-02 2.115e+02
20 -29.5 5.~70e+09 4.383e+08 8.013e-02 2.050e+02
21 -23.~ 5.035e+09 4.208e+08 8.357e-02 1. 992e+02
22 -17.3 ~.623e+09 4.082e+08 8.830e-02 1.925e+02
23 -11. 2 ~.21Se+09 4.067e+08 9.64ge-02 1.852e+02
2~ -5.1 3.81ge+09 4.075e+08 1.067e-Ol 1.7i4e+02
25 1.0 3.HOe+09 4.110e+08 1. 202e-0 1 1. 68Se+02
25 6., 3.011e+09 4.146e+08 1. 377e-Ol 1. S64e+02
?- 12.5 2.59!e+09 4.13ge+08 1. 598e-Ol 1.464e+02-,
28 18.7 2.1~7e+09 4.101e+08 1. 910e-Ol 1. 31ge+02
29 2~.~ 1. 703eT09 3.94ge+08 2.318e-Ol 1. l-l8e+02
30 30.~ 1. 2S3e+09 3.573e+08 2.851e-Ol 9.398e+Ol
31 36.4 8.803e+08 2.998e+08 3.406e-Ol 7.297e+Ol
32 42.7 6.~31e+08 2.457e+08 3.820e-Ol 5.711e+Ol
33 48.6 4.S62e+08 1.838e+08 4.030e-Ol 4.282e+Ol
34 54.~ 3.130e+08 1.337e+08 4.272e-Ol 3.078e+Ol
35 60.3 2.153e+08 9.675e+07 4.493e-Ol 2.192e+Ol
36 66.2 1. 530e+08 7.022e+07 4.591e-Ol 1. 591e+Ol
3, ;2.2 1.127e+03 5.10ge+07 4.532e-Ol 1. 13Se+01
38 i8.3 8.621e+Oi 3.793e+07 4.400e-Ol 9.103e+00
39 "--8+.-;J 6.831e+Oi 2.885e+07 4.224e-Ol 7.20Se+00
~O 90.3 5.55ge+Oi 2.250e+Oi 4.048e-Ol 7.30ge+00
41 96.3 4.630e+O' 1.800e+07 3.887e-Ol 7.5B6e+00
~2 102.3 3.90ie+Oi 1. 456e+07 3.726e-Ol 7.9i2e+00
~2 103.1 3.325e+Oi 1. 195e+Oi 3.593e-Ol ?428e+00
~~ llLO 2.8S6e+Oi 9.945e+06 3.483e-Ol 9.017e+00
~S 120.0 2.~60e+07 8.328e+06 3.385e-Ol 9.6i5e+00
~6 126.0 2.121e+07 7.047e+06 3.322e-Ol 1. O~Oe+O1
~, 132.0 1. 835e+07 5.9~2e+06 3.23ge-Ol 8. 950e+00
~8 13i.9 1. 5SSe-07 5.032e+06 3.174e-Ol 9.61Se+00
~9 1~~.0 1.356e+Oi 4.220e+06 3.113e-Ol 8.198e+00
50 150.1 1.123eTOi L052e+06 3.593e-Ol 6.723e+00
51 156.0 i.860e+Oo 3.585e+06 4.561e-Ol 4. 53~e-00
52 162.1 S.707e+06 2.551e+06 4.~ile-Ol 3.282e+00
53 168.2 3.913e+06 1.8He+06 4.70ge-Ol 2.2i2e+00
5~ 17 L 1 1.592e+06 8.19~e+OS 5. 146e-Ol 9.412e-Ol
55 180.2 1. 28, e+OS 6.84ge+04 5. 322e-0 1 7.666e-02
56 186.2 3.98Se-0~ O.OOOe+OO O.OOOe+OO 2.100e-02
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GRAPH 17B. DMS EXPERIMENT #9
125~7-T-9 TE~PERATlRE SKEEP, 2/23/9~
:\0. TDIP
degree" C
1 -In.9
2 -1~2.3
3 -136.1
~ -129.7
5 -12~.0
6 -118.0
7 -112.5
8 -106.3
9 -99.6
10 -9~.2
11 -88.6
12 -82.1
13 -75.9
14 -69.8
15 -64.1
16 -58.3
17 -52.8
18 -46.1
19 -40.1
20 -34.4
21 -28.1
22 -22.6
23 -16.4
2~ -10.7
25 -~.3
26 1.6
27 7.2
28 13.3
29 19.1
30 25.4
31 31.3
32 37.1
33 43.1
34 49.8
35 55.5
36 61. 3
37 67.3
38 73.3
39 79.2
40 85.3
41 91.4
42 97.3
43 103.2
~~ 109.1
45 115.1
46 121.1
47 127.0
48 132.9
49 138.9
50 1~5.0
51 151.2
52 157.1
53 163.1
54 169.2
55 175.2
56 181.3
57 187.3
58 193.0
59 198.9
60 204.9
E'
dyn/cm.sq.
1.814e+10
1. 81 Oe+ 10
1. 801e+10
1.788e+10
1.771e+10
1.752e+10
1.735e+10
1.720e+10
1.702e+10
1.680e+10
1.662e+10
1.636e+10
1.612e+10
1.585e+10
1.553e+10
1.521e+10
1. 488e+lO
1. 442e+10
1.38ge+10
1. 328e+10
1.237e+10
1.135e+10
1.013e+10
8.923e+09
7.657e+09
6.500e+09
5.485e+09
4.511e+09
3.720e+09
2.968e+09
2.303e+09
1. 718e+09
1.202e+09
8.252e+08
5.80ge+08
3.937e+08
2.653e+08
1.826e+08
1.297e+08
9.72ge+07
7.693e+07
6.32ge+07
5.356e+07
4.642e+07
4.088e+07
3.656e+07
3.300e+07
2.987e+07
2. 69'2e+0 7
2.371e+07
1.995e+07
1.015e+07
6.643e+06
3.518e+06
8.926e+05
3.114e+0~
O.OOOe+OO
O.OOOe"+OO
O.OOOe+OO
3.226e+03
E"
dyn/cm.sq.
9.548e+08
4.321e+08
4.01ge+08
3.97ge+08
4.012e+08
4.080e+08
4.364e+08
4.79ge+08
4.945e+08
5.397e+08
5.637e+08
5.858e+08
6.035e+08
6.351e+08
6.688e+08
6.97ge+08
7.114e+08
7.633e+08
8.128e+08
8.937e+08
9.853e+08
1. 05ge+09
1.102e+09
1.114e+09
1.078e+09
1.008e+09
9.225e+08
8.122e+08
7.131e+08
6.176e+08
5.367e+08
4.698e+08
3.947e+08
3.096e+08
2.326e+08
1.68ge+08
1.198e+08
8.404e+07
5.927e+07
4.274e+07
3.182e+07
2.430e+07
1.888e+07
1.492e+07
1.202e+07
9.877e+06
8.265e+06
7.034e+06
6.104e+06
5.362e+q6
4.844e+06
5.627e+06
3.793e+06
2.007e+06
5.241e+05
4.632e+04
1. 412e+04
O.OOOe+OO
1.548e+04
O.OOOe+OO
98
5.263e-02
2.387e-02
2.231e-02
2.225e-02
2.265e-02
2.32ge-02
2.515e-02
2.790e-02
2.906e-02
3.212e-02
3.392e-02
3.581e-02
3.743e-02
4.006e-02
4.306e-02
4.590e-02
4.783e-02
5.294e-02
5.851e-02
6.730e-02
7.967e-02
9.335e-02
1. 08ge-Ol
1.24ge-01
1.408e-01
1.550e-Ol
1.682e-01
1.800e-Ol
1.917e-01
2.081e-Ol
2.330e-Ol
2.735e-Ol
3.285e-01
3.752e-Ol
4.003e-Ol
4.28ge-01
4.516e-Ol
4.602e-Ol
4.568e-01
4.393e-01
4.136e-01
3.840e-Ol
3.525e-Ol
3.213e-Ol
2.940e-Ol
2.702e-01
2.505e-Ol
2.355e-Ol
2.268e-Ol
2.2Gle-01
2.428e-01
5.5He-01
5.70ge-01
5.704e-01
5.871e-Ol
1.487e+00
1.702e+35
1.702e+35
1.702e+35
O.OOOe+OO
FORCE
g
2.604e+02
2.600e+02
2.597e+02
2.593e+02
2.588';+02
2.582e+02
2.576e+02
2.571e+02
2.565e+02
2.558e+02
2.552e+02
2.543e+02
2.535e+02
2.525e+02
2.513e+02
2.501e+02
2.488e+02
2.470e+02
2.448e+02
2.421e+02
2.377e+02
2.323e+02
2.247e+02
2.160e+02
2.04ge+02
1.925e+02
1.792e+02
1.635e+02
1.480e+02
1.302e+02
1.113e+02
9.152e+01
7.064e+01
_5.241e+01
3.892e+Ol
2.761e+01
1. 924e+01
1.352e+Ol
9.721e+00
7.313e+00
5.758e+00
5.881e+00
6.176e+00
6.644e+00
7.252e+00
8.06ge+00
9.067e+00
1.023e+01
9.212e+00
1.014e+Ol
8.522e+00
4.287e+00
2.827e+00
1.498e+00
3.830e-Ol
2.066e-02
6.678e-03
7.19Ze-03
6.395e-03
6.75ge-03
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GRAPH 18B. DMS EXPERIMENT #10
125-17-1'-10 1'E~IPEHAnHE SI,EEP, 2/25/9-1
----------------------------------------------------------------
~O. TE~lP E' E" 1'A:-i_DELTA FORCE
degrees C d,'n/cm. sq. dyn/cm.sq. g
1 -la .1 1.547e+10 8.4-l3e+08 5.45ge-02 2.506e+02
2 -142.4 1.515e+10 5.423e+08 3.578e-02 2.493e+02
3 -136.3 1. 476e+10 4.564e+08 3.092e-02 2.477e+02
4 -130.0 1.43ge+10 4.l02e+08 2.851e-02 2.461e+02
5 -124.2 1.408e+10 3.532e+08 2.50ge-02 2.4-l8e+02
6
-118.2 1.378e+10 3.214e+08 2.332e-02 2.434e+02
7
-112.0 1.355e+10 2.928e+08 2.161e-02 2.423e+02
8 -105.7 1. 332e+10 2.853e+08 2.143e-02 2.412e+02
9 -100.3 1. 306e+10 2.810e+08 2.152e-02 2.39ge+02
10
-94.3 1.275e+10 2.933e+08 2.301e-02 2.384e+02
11 -88.3 1.235e+10 3.658e+08 2.961e-02 2.364e+02
12
-81.9 1.145e+10 5.258e+08 4.593e-02 2.315e+02
13
-76.2 1.024e+10 6.264e+08 6.114e-02 2.241e+02
14
-70.2 9.096e+09 5.812e+08 6.390e-02 2.156e+02
15
-63.6 8.22ge+09 5.08ge+08 6.185e-02 2.082e+02
16
-58.6 7.661e-l'09 4.541e+08 5.927e-02 2.027e+02
17
-52.3 7.162e+09 4.142e+08 5.783e-02 1.975e+02
18
-46.3 6.698e+09 3.925e+08 5.860e-02 1.922e+02
19
-40.5 6.368e+09 3.730e+08 5.857e-02 1.882e+02
20
-33.8 6.006e+09 3.633e+08 6.050e-02 1.834e+02
21
-28.9 5.72ie+09 3.58ge+08 6.26ie-02 1.796e+02
22
-22.6 5.43ge+09 3.491e+08 6.417e-02 1.i53e+02
23
-16.4 5.18ie+09 3.49ie+08 6.742e-02 1.i14e+02
24
-9.9 4.921e+09 3.464e+08 7.040e-02 1.671e+02
25
-3.6 4.63ge+09 3.35ge+08 7.23ge-02 1.622e+02
26 1.6 4.386e+09 3.298e+08 7.518e-02 1. 576e+02
27 i . 3 4.151e+09 3.175e+08 7.64ie-02 1.531e+02
28 13.4 3.90ge+09 2.954e+08 7.558e-02 1.481e+02
29 19.0 3.i11e+09 2.751e+08 7.414e-02 1.438e+02
30 24.9 3.51ge+09 2.404e+08 6.831e-02 1.394e-'-02
31 30.7 3.3i5e+09 2.151e+08 6.375e-02 1.35ge+02
32 3 i .1 3.24ge+09 1.858e+08 5.i1ge-02 1.328e+02
33 43.2 3.128e+09 1.677e+08 5.361e-02 1. 297e+02
34 49.7 3.078e+09 1.60ge+08 5.226e-02 1.283e+02
35 55.5 2.9i2e+09 1.63ge+08 5.514e-02 1.255e+02
36 61. 3 2.861e+09 1.721e+08 6.013e-02 1.225e+02
3i 67.3 2.i5ie+09 1.860e+08 6.748e-02 1.197e+02
38 73.2 2.666e+09 2.00ge+08 7.537e-02 1.171e+02
39 i9.2 2.562e+09 2.114e+08 8.486e-02 1.142e+02
40 85.2 2.444e+09 2.351e+08 9.621e-02 1.107e+02
41 91.3 2.316e+09 2.538e+08 1.096e-01 1.06ge+02
42 97.3 2.1i8e+09 2.6i5e+08 1.228e-01 1.026e+02
43 103.3 2.032e+09 2.805e+08 1.~80e-01 9.795e+01
44 109.1 1.872e+09 2.897e+08 1.547e-01 9.25ge+01
45 115.0 1.700e+09 2.9i5e+08 1.750e-01 8.655e+01
46 121 . 1 1.518e+09 2.998e+08 1.975e-01 7.981e+01
47 12i.0 1.32ge+09 2.985e+08 2.247e-01 i.243e+01
48 132.9 1.140e+09 2.914e+08 2.557e-01 6.458e+01
49 138.9 9.693e+08 2.788e+08 2.877e-01 5.i02e+01
50 144.9 8.098e+08 2.623e+08 3.23ge-01 4.950e+01
51 151 . 1 6.620e+08 2.40ge+08 3.63ge-01 4.208e+0;52 15 i . 1 5.285e+08 2.175e+08 4.114e-01 3.497e+DI
53 163. 1 4.0i6e+08 1.911e+08 4.688e-01 2.808e+01
54 169.2 3.254e+08 1.686e+08 5.180e-01 2.292e+01
55 175.2 2.212e+08 1.182e+08 5.3He-01 1.451e+Ol
56 181 . 1 9.124e+07 6.548e+Oi 7.17ie-Ol 6.64ge+0057 187.2 1.95ie+07 1.897e+07 9.690e-01 1.634e+OO58 193.2 7.i52e+05 1.040e+0}-_ 1.342e+00 9.753e-0259 198.9 1.92ge+04 O.OOOe+O O.OOOe+OO 2.727e-0360 205.0 1.820e+04 8.512e+04 4.677e+00 1.023e-02
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GRAPH 19B. DMS EXPERIMENT #11
----------------------------------------------------------------
~O. TDIP E' E" TA~_DELTA FORCE
degrees C dyn/em. sq. d,'nlem. sq. g
-lH.9 2.536e+10 1.290e+09 5.08ge-02 2.733e+02
-136.9 2.520,,"'10 5.816e+08 2.308e-02 2.728e+02
3 -131:0 2.491e+l0 5.557e+08 2.231e-02 2.723e+02
4 -124, 9 2.468e+l0 6.124e+08 2.482e-02 2.71ge+02
5 -119.1 2.436e+l0 6.120e+08 2.512e-02 2.713e+02
6 -113.4 2.403e+10 6.388e+08 2.65ge-02 2.706e+02
-107.1 2.371e+10 6.630e+08 2.796e-02 2.700e+02
8 -101.5 2.335e+10 6.535e+08 2.79ge-02 2.693e+02
9 -95.2 2.297e+10 6,35ge+08 2.76ge-02 2.685e+02
10 -89.3 2.260e+10 6. 112e+08 2.705e-02 2.677e+02
11 -83.1 2.221e+10 5.952e+08 2.680e-02 2.66ge+02
12 -76.9 2.181e+10 5.853e+08 2.683e-02 2.660e+02
13 -71. 2 2.138e+10 6.154e+08 2.87ge-02 2.650e+02
14 -65.5 2.07ge+l0 6.721e+08 3.233e-02 2.636e+02
15 -59.2 2.000e+10 7.895e+08 3.948e-02 2.617e+02
16 -53.3 1.887e+l0 9.34ge+08 4.954e-02 2.588e+02
17 -47.2 1. 742e+10 1. 068e+09 6.12ge-02 2.546e+02
-18
-41.2 1. 601e+10 1. 137e+09 7.104e-02 2.49ge+02
19 -35.2 1. 44ge+l0 1. 190e+09 8.212e-02 2.441e+02
20 -29.5 1. 313e+10 1.246e+09 9.492e-02 2.381e+02.
21 -23.6 1. 173e+10 1.293e+09 1.102e-01 2.310e+02
22 -17.6 1. 030e+ 10 ' 1.318e+09 1. 27ge-01 2.223e+02
23 -11. 1 8.854e+09 1.282e+09 1. 448e-01 2.117e+02
24 -5.1 7.60ge+09 1.197e+09' 1.573e-01 2.005e+02
25 1.0 6.517e+09 1.084e+09 1. 663e-01 1.885e+02
26 6.4 5. 665e"'09 9.541 e+08 1.702e-Ol 1.773e+02
?- 12.8 4.890e+09 8.435e+08 1. 725e-01 1.653e+02-,
28 'R.4 4.256e+09 7.475e+08 1. 756e-01 1.53ge+02
29 24,3 3. 670e"'09 6.722e+08 1. 832e-0 1 1.420e+02
30 30.7 3.067e+09 6.108e+08 1. 992e-01 1. 27ge+02
31 36.5 2.403e+09 5.610e+08 2.334e-Ol 1.100e+02
32 42.3 1.607e+09 5.14ge+08 3.204e-Ol 8.414e+01
33 48.5 8.596e+08 4.044e+08 4.704e-01 5.306e+Ol
34 54.2 4.316e~08 2.535e+08 5.872e-01 2. 998e+0 1
35 60.7 2.177e+08 1.366e+08 6.274e-Ol 1. 606e+0 1
36 66.2 1.298e+08 7.902e+07 6.08ge-01 9.742e+00
37 72.1 8.82ge+07 4.858e+07 5.502e-01 6.588e+00
38 78.6 6.181e+07 3.106e+07 5.025e-Ol 4.563e+00
39 84.5 4.628e+07 2.192e+07 4.737e-01 4.246e+00
40 90.5 3.574e+07 1.596e+07 4.465e-01 4.Q75e+00
41 96.5 2.796e+07 1. 183e+07 4.22ge-01 3.966e+00
42 102.2 2.306e+07 9.422e+06 4.086e-Ol '4. 067 e+OO
43 108.6 1. 843e+07 7. 14ge+06 3.880e-01 4.044e+00
44 114.4 1. 496e+07 5.378e+06 3.595e-Ol 4.070e+00
45 120.2 1. 243e+07 4.052e+06 3.260e-01 4.190e+00
46 127.0 1. 058e+07 3.054e+06 2.887e-01 40415e+00
47 132.3 9.704e+06 2.470e+06 2.545e-Ol 4.044e+00
43 138.5 8.874e+06 2.097e+06 2.363e-Ol 3.684e"'00
49 14-l.6 8.141e+06 1. 873e+06 2.300e-Ol 3.376e"'00
50 149.9 7.586e"'06 1. 715e+06 2.260e-Ol 3. 143e+00
51 156.6 6.714e+06 1.486,,+06 2.213e-01 2.780e+00
52 162.3 5.857e+06 1. 227e+06 2.095e-Ol 2.420e"'00
53 168.3 4.90ge+06 1. 087 e+06 2.214e-Ol 2.033e+00
54 175.0 4.081e+06 7.90ge+03 1. 938e-Ol 1. 681 e+OO
55 180.6 3.526e+05 6.593e+05 1.870e-Ol 1.451e+00
56 186.6 3.075e+06 5.41 7e+05 1.762e-Ol 1.263e+00
5; 191. 8 2.142e+06 4.136e+05 1.931e-01 8.827e-Ol
58 198.6 9.447e+05 1. 955e+05 2.06ge-01 3.89ge-Ol
59 203.4 8.526e+05 1.658e+05 I. 9He-Ol 3.507e-Ol
60 210.2 1. 037 e+06 1. 944e+05 1. 875e-Ol 4.256e-Ol
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GRAPH 20A. DMS EXPERIMENT #12
12547-T-12A TEMPERATURE SWEEP, 3/21/94
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GRAPH 20B. DMS EXPERIMENT #12
12547-T-12A TE~IPERATlRE S,;EEP, 3/21/94
----------------------------------------------------------------
:-;n. TE~lP E' E" TAN DELTA FORCE
degrees C dyn/cm.sq. dyn/cm.sq. g
1 -148.2 1.418et10 1.134et09 7.997e-02 2.594et02
2 -H2.4 1. 452et10 5.587et08 3.847e-02 2.603et02
3 -136.4 1. 425et10 4.984et08 3.49ge-02 2.592et02
4 -130.2 1.396et10 4.632et08 3.318e-02 2.580et02
5 -124.3 1.36get10 4.384et08 3.202e-02 2.568et02
6 --H8.1 L3A~et)0 4.095et08 3.0He-02 2.557e+02
7 -111.8 1.327et10 3-. B98-,,+0 8 -2.931e~02 2.54get02
8 -106.0 1.308et10 3.71 Oet08 2.836e-02 2.540et02
9 -100.2 1. 291et10 3.863et08 2.992e-02 2.531et02
10
-93.B 1.273et10 3.940etOB 3.095e-02 2.522e+02
11 -88.3 1. 253et10 3.908et08 3.120e-02 2.512et02
12 -82.1 1.233et10 4.113et08 3.337e-02 2.502et02
13 -75.9 1.212et10 4.222et08 3.485e-02 2.491et02
14 -70.4 1.190et10 4.395et08 3.694e-02 2.47get02
15 -63.8 1.160e+10 4.7B2etOB 4.122e-02 2.462et02
16 -58.2 1.10get10 6.205et08 5.594e-02 2.434et02
17 -52.4 9.972et09 9.517et08 9.544e-02 2.367et02
18 -46.5 7.510et09 1.432e+09 1.906e-01 2.183et02
19 -39.9 4.B3get09 8.596etOB 1.776e-01 1.832et02
20 -34.0 4.032et09 4.078etOB 1.011e-01 l'.665et02
21 -28.1 3.654et09 2.878et08 7.878e-02 1.580et02
22 -22.8 3.38ge t 09 2.406etOB 7.101e-0:2 1.515et02
23 -16.5 3.151e+09 2.103et08 6.675e-C2 1.454et02
24 -11. 0 2.966et09 1.934et08 6.51ge-02 1. 404et02
25 -4.3 2.784et09 1.816et08 6.522e-02 1.351et02
26 1.7 2.626et09 1.725et08 6.568e-02 1.304et02
27 7.5 2.476e+09 1.654et08 6.681e-0:2 1.256et02
28 13.2 2.327et03 1.605et08 6.B9ge-02 1. 207et02
29 19.1 2.175e+09 1.571et08 7.221e-02 1.155et02
30 24.9 2.030e+09 1.557et08 7.'66ge-02 1.102et02
31 . ,31 .3_ 1.864et09 1.525et08 8.185e-02 1.03get02
32 37.0 1.639",';:09 1.497et08 9.138e-02-
-9.488e+Ol.
33 43.7 1.345e+09 1.48get08 1.107e-01 8.202et01
34 49.5 1.094e"'C9 1.397et08 1.27Be-01 6.992etOI
35 55.4 4.231e"'08 B.086et07 1.911e-01 3.112etOI
36 61'.2 1.547e+08 4.44Bet07 2.876e-01 1.221etOl
37 67.2 1.078etOB 3.664et07 3.400e-01 8.736etOO
3B 73.1 7.067et07 2.B3get07 4.0l7e-Ol 5.B47etOO
39 79.1 4.320e+07 1.995et07 4.6l8e-C1 4.47getOO
40 85.1 2.474e.-07 1.238et07 5.005e-01 3.052etOO
41 91.2 1.628e+07 8.545et06 5.250e-Ol 2.514etOO
42 97.2 1.128et07 5.B9get06 5.231e-Ol 2.172etOO
43 103.2 7.925et06 4.107et06 5.182e-Oi 1.903etOO
44 109.2 5.740e+06 2.848et06 4.962e-Ol 1.710etOO
45 115.0 3.673e"'06 1.677et06 4.567e-01 1.346etOO
46 121. 0 1.840e.,.06 7. 512et05 4.081e-O! 8.294e-01
47 127.0 7.268et05 2.903et05 3.994e-01 3.2B7e-01
48 133.0 2.85ge+05 9.530et04 3.334e-01 1.266e-Ol
49 138.9 1.443e+OS 5.875et04 4.072e-01 6.543e-02
50 145.0 B.590e+04 4.140et04 4..820e-Ol 4.005e-02
51 151. 0 B.047etO'; 4.454etO~ 5.535e-01 3.863e-02
52 157.1 4.803et04 O.OOOetOO O.OOOe.,.QO 2.04Be-02
53 163.1 4.077e+04 O.OOOetOO O.OOOe+OO 1.713e-02
54 169.2 1. 914e.-04 O.OOOetOO O.OOOe.-OO 8.91ge-03
55 175.2 5.64ge+01 O.OOOetOO O.OOOetOO 2.674e-03
56 181. 3 4.695e+03 O.OOOetOO O.OOOetOO 9.678e-03
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GRAPH 21A. DMS EXPERIMENT #13
12547-T-13A TEMPERATURE SWEEP, 4/18/94
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GRAPH 21B. DMS EXPERIMENT #13
l~j~'-T-13A TE)\PER\TLEE S'.EEP, VI8/9~
------------------------------------------------------ --------~-
\0. TDIP E' E" TA\
-
DELTA FORCE
degrees C dyn/cm.sq. dyn/cm. sq. g
1 -In. 1 2.23ge+10 9.868e+08 4.407e-02 2.407e+02
2 -137.4 2.17ge+l0 8.578e+08 3.936e-02 2.387e+02 ..,
3 -130.9 2.1He+l0 7.767e+08 3.627e-02 2.375e+02
4 -12~.8 2.097e+l0 7.054e+08 3. 364e-02 2.360e+02
5 -119.6 2.05ge+10 6.776e+08 3.291e-02 2.347e+02
6 -112.9 2.024e+l0 6.723e+08 3.322e-02 2.334e+02
7 -107.1 1.99~e+lO 6.804e+08 3.413e-02 2.323e+02
8 -101.2 1.962e+l0 6.847e+08 3.490e-02 2.312e+02
9 -95.4 1. 92~e.l0 6.996e+08 3.636e-02 2.298e+02
10 -88.8 1. 883e+l0 7.28ge+08 3.872e-02 2.282e+02
11 -83.1 1. 8He+l0 7.353e+08 3.988e-02 2.266e+02
12 -,7.3 1.80ge+l0 7.030e+08 3.887e-02 2.252e+02
13 - 70.4 1.772e+l0 7.082e+08 3.997e-02 2.236e+02
1~ -65.6 1.7He+lO 7.084e+08 4.061e-02 2.22~e+02
15 -59.2 1. 703e+ 10 7.546e+08 4.431e-02 2.206e+02
16 -53.8 1. 6~~e+l0 8.282e+08 5.037e-02 2.180e+02
17 -~7.0 1.567e-l0 9.076e+08 5.793e-02 2.14~e+02
18 -41.7 1. 496e+ 10 9.448e+08 6.316e-02 2.108e+02
19 -35.1 1. ~25e- 10 9.8He+08 6.905e-02 2.071e+02
20 -29.6 1. 360e-l0 9.775e+08 7.187e-02 2.03~e+02
21 -2~.0 1. 297e+10 9.651e+08 7. H2e-02 1.996e+02
22 -1 i. 5 1. 22ge+l0 9. 980e+08 8.123e-02 1. 952e+02
23 -11. ~ 1. 147e-l0 1.025e+09 8.932e-02 1. 897e+02
2~ -5.2 1.080e-10 1.0jle+09 9.735e-02 1.8~8e+02
25 1.1 9.987e-09 1. 054e+09 1. 056e-0 1 1.784e+02
26 6.5 9.311e-09 1. 0~6e+09 1. 123e-Ol 1.726e+02
?- 12.5 8.410e+09 1. 048e+09 1. 247e":01 1.6~3e+02-,
28 18.0 7.512eT09 1.0~Oe+09 1. 385e-Ol 1.550e+02
29 24.5 6.540e+09 9.722e+08 1. 487e-Ol 1. ~3,e+02
30 30.9 5.50ge+09 8.081e+08 1. 467e-Ol 1.297e+02
31 36.0 4.865e+09 6.266e+08 1.288e-Ol 1. 197e+02
32 42.6 4.430e+09 4.558e+08 1.02ge-Ol 1. 121e+02
33 ~8.6 4.132e+09 3.757e+08 9.092e-02 1.068e+02
3~ 5L5 3.836e+09 3.524e+08 9.1B7e-02 1.0Ue+02
35 60.3 3.546e-09 3.56ge+08 1. 006e-Ol 9.590e+Ol
36 66.2 3.281e+09 3.710e+08 1. 131e-Ol 9.067e+Ol
37 72.2 3.0~5e+09 3.824e+08 1. 256e-Ol 8.578e+Ol
38 78.3 2.833e+09 3.903e+08 1. 378e-Ol 8.123e+Ol
39 8~.3 2.628e-09 3.945e+08 1. 501e-Ol 7.661e+Ol
40 90.3 2.41ge+09 3.987e+08 1. 64ge-Ol 7.177e+Ol
41 96.2 2.195e+09 4.03ge+08 1.840e-Ol 6.64~e+Ol
42 102.2 1.935e+09 4.080e+08 2.10ge-Ol 6.006e+Ol
~3 108.0 1.654e+09 4.055e+08 2.451e-Ol 5. 292e+0 1
4~ 113.9 1.355e+09 3.882e+08 2.866e-Ol "4. ~95e+Ol
45 119.9 1.082e+09 3.567e+08 3.295e-Ol 3.725e+Ol
46 125.9 8.454e+08 3.135e+08 3.708e-Ol 3.011e+Ol
47 131. 8 6.580e+08 2.678e+08 4.070e-Ol 2.415e+Ol
48 137.8 5.123e-08 2.251e+08 4.393e-Ol 1. 930e+Ol
49 U3.8 4.006e+08 1.888e+08 4.713e-Ol 1. 5~5e+Ol
50 150.0 3.086e-08 1. 578e+08 5.114e-Ol 1. 221e+Ol
51 156.0 2.33~e-08 1.312e+08 5.622e-Ol 9.508e+00
52 162.0 1.73ge.08 1.097e+08 6.308e-Ol 7.30~e+0053 168.0 2.667e-08 1. 728e+08 6.478e-Ol 1. 325e+Ol
5~ 17LO 1. 610e-OB 1.231e+08 7.6~6e-Ol 8.138e+0055 180.1 6.671e-07 5.958e+07 8.931e-Ol 4.528e+0056 186.1 3.623e-06 3.067e+06 8.465e-Ol 3.021e-Ol57 192.0 1.173e+05 1. 810e+05 1. 54 2e+00 1. 712e-0258 197.9 9.80~e+0~ 4.736e+0~ 4.831e-Ol 1. 07ge-0259 203.8 9.353e+03 3.604e+04 3.853e+00 4.617e-0360 209.9 3.207e+0~ 2.208e+04 6.885e-Ol 6.030e-0361 215.8 6.7~8e+0~ 2.188e+03 3.242e-02 1.308e-0262 221. 8 5.432e-C~ O.OOOe+OO O.OOOe+OO 1.05ge-0263 22i.i 6.977eT03 O.OOOe+OO O.OOOe+OO 1.365e-036~ 233.7 O.OOOe+OO 9.18~e+03 1. 702e+35 5.891e-03
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GRAPH 22A . DMS EXPERIMENT #14
12547-T-14A TEMPERATURE SWEEP, 4/18/94
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GRAPH 22B. MS EXPERIMENT #14
125~7-T-IU TE~IPER.HLRE SIoEEP, 4/18/9~
----------------------------------------------------------------
~O. TDIP E' E" T.\~
-
DELTA FORCE
degrees c- dyn/e:n.sq. d,'n/em. sq. g
1 -1~3.1 1.9~7e+l0 1. 29ge+09 6.672e-02 2.577e+02
2 -137.4 1. 973e+l0 9.182e+08 4.654e-02 2.582e+02
3 -130.9 1. 942e+l0 8.162e+08 4.202e-02 2.572e+02
4 -125.1 1. 908e+ 10 7.778e+08 4.076e-02 2.562e+02
5 -119.2 1. 877 e.,.10 6.9He+08 3.700e-02 2.552e+02
6 -113.2 1.8~8e+l0 6.815e+08 3.688e-02 2.543e+02
7 -106.8 1.821e+l0 6.560e+08 3.603e-02 2.53~e+02
8 -100.8 1. 788e+l0 6.692e+08 3.743e-02 2.523e+02
9 -94.8 1. 756e+l0 6.926e+08 3.945e-02 2.512e+02
10 -88.9 1.i1ge+10 6.961e+08 4. 04ge-02 2.49ge+02
11 -83.4 1.678e+l0 7.322e+08 4.364e-02 2.484e+02
12 -76.8 1. 628e+10 7.576e+08 4.654e-02 2.466e+02
13 -71. 5 1.567e+10 7.8He+08 5.003e-02 2.4He+02
14 -64.9 1.496e+l0 8.050e+08 5.37ge-02 2.413e+02
15 -59.5 1. 428e+10 8.095e+08 5.670e-02 2.382e+02
16 -53.7 1.366eHO 8.007e+08 5.863e-02 2.352e+02
17 -47.2 1.307e+l0 7.712e+08 5.903e-02 2.322e+02
18 -41. 4 1. 247e+10 7.904e+08 6.338e-02 2.290e+02
19 -35.7 1. 18ge+10 7.651e+08 6.436e-02 2.256e+02
20 -29.2 1. 138e+10 7.350e+08 6.460e-02 2.224e+02
21 -23.1 1. 095e+10 7.11ge+08 6.503e-02 2.196e+02
22 -17.3 1. 058e+ 10 6.837e+08 6.463e-02 2.170e+02
23 -11.5 1.023e+l0 6.725e+08 6.571e-02 2. l-l5e+02
24 -5.2 9.880e+09 6.725e+08 6.807e-02 2.118e+02
25 1.1 9.553e+09 6.658e+08 6.96ge-02 2.092e+02
26 7.0 9.215e+09 6.640e+08 7.205e-02 2.06~e+02
27 12.9 8. 868e"'09 6.520e+08 7.353e-02 2.03~e+02
28 18.0 8.565e+09 6.408e+08 7.482e-02 2.006e+02
29 24.5 8.204e+09 6.186e+08 7.540e-02 1. 971e+02
30 29.9 7.890e+09 5.956e+08 7.54ge-02 1.9~Oe+02
31 36.4 7.537e"'09 5.754e+08 7.635e-02 1. 90~e+02
32 42.6 7.177e+09 5.656e+08 7.881e-02 1.862e+02
33 48.5 6.765e+09 5.63ge+08 8.335e-02 1. 81-1e+02
3-1 54.3 6.277e+09 5.796e+08 9.233e-02 1.75-1e+02
35 60.3 5.697e+09 5.948e+08 1.0He-01 1. 675e+02
36 66.3 5.076e+09 6.103e+08 1.202e-Ol 1.582e+02
37 72.2 4.407e+09 6.284e+08 1.426e-Ol 1.-I6ge+02
38 78.2 3.7-10e+09 6.310e+08 1. 687e-Ol 1.3-10e+02
39 8-1.3 3.100e+09 6.107 e+08 1. 970e-Ol 1. 198e+02
-10 90.4 2.502e+09 5.791e+08 2.314e-Ol 1.04oe+02
.J1 96.3 1. 981e"'09 5.314e+08 2.683e-01 8.922e+Ol
-12 102.2 1.534e+09 4.701e+08 3.06-1e-Ol ·'1.-I15e+Ol
43 108.1 1.162e+09 3.991e+08 3.435e-Ol 5.990e+Ol
H 114.1 8.655e+08 3.263e+08 3.770e-Ol 4.7lBe+01
45 120.0 6.393e"'00 2.60ie+08 4.078e-Ol 3.63-1e+Ol
46 126.0 4.655e+08 2.012e+08 4.323e-Ol 2.768e+Ol
-17 131.9 3.313e+03 1.514e+08 4.56ge-Ol 2.03ge+Ol
48 137.9 2. 33-1e"'03 1. 113e+08 4.i67e-01 1.-I76e+Ol
49 144.0 1.626e+C8 7.957e+07 4.894e-01 1.04ge+Ol
50 150.0 1.113e"'05 5.4Rle+07 4.923e-01 7.252e+00
5l 156.1 i.ij'O~-j';' 3.87ge+07 -I.9~~e-01 5.000e+00
52 162.0 .. 5.02ge,C7 3.493e+07 6.9-17e-01 3.89~e+00
53 168.0 2. i5ge~O~ 1.986e+07 7.19ge-01 2.711,,"'00
5-1 174.0 9.065",06 6.161e+0f. 6.797e-01 1.096;,+00
5j 18Q.2 i.032e+05 -1.603,,+0:; 6.545e-01 1.O,),,-01
56 IE6. I 1.037e"'05 6.15Ie+O-l 5.657e-01 l.9~2e-02
57 192.0 0.000,,"'0·:' O.OOOe+OO 1.70Ze+35 3.IJ5",-OJ
5il 198. I 1.385e .... O; I. 987e+OI 1.-I35e+00 5.903;:'-03
59 203.9 O.OOOe-OO 1.882e+O-l 1.702e+35 6.I;;e-03
60 209.9 O. OOOe+C] O.OOOe+OO 1.702e+35 9. 8~>-03
'-----_.- ~
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GRAPH 23B. DMS EXPERIMENT #15
125F-T-15A TDIPER.\TlJRE S'n"EEP, 4/19/!.H
----------------------------------------------------------------
~O. TDIP E' E" LI);
-
DELLI FORCE
degrees C dYIl/c:m.s'l. dYIl/cm.sq. g
1 -143.4 2.400e+l0 9.043e+08 3.,63,,-02 2.258e+02
2 -13,.4 2.500e+l0 6.47ge+08 2.592e-02 2.285e+02
3 -130.9 2.461e+l0 6.241e+08 2.53 i e-02 2.273e+02
4 -124.8 2.402e+l0 6.057e+08 2.521e-02 2.255e+02
5 -119.0 2.340e+l0 6.034e+08 2.57ge-02 2.236e+02
6 -113.6 2.293,.+10 6.167e+08 2.68ge-02 2.220e+02
-106.8 2.232e+l0 6.174e+08 2.766e-02 2.200e+02
8 -100.4 2.167e+l0 6.177e+08 2.851e-02 2.177e+02
9 -94.5 2.112e+l0 6. 190e+08 2.931e-02 2.157e+02
10 -88.5 2.051e+l0 6.324e+08 3.083e-02 2.134e+02
11 -83.0 1. 991e+l0 6.405e+08 3.218e-02 2.110e+02
12 -76.7 1.916e+l0 6.587e+08 3.438e-02 2.080e+02
13 -70.6 1. 840e+ 10 7.280e+08 3.95'e-02 2.048e+02
14 -65.2 1. 755e+10 8.110e+08 4.621e-02 2.010e+02
15 -59.3 1. 607e+l0 1. 054e+09 6.555e-02 1. 941e+02
16 -53.0 1.390e+l0 1.613e+09 1.161e-Ol 1.828e+02
17 -4,.8 9.145e+09 2.662e+09 2.911e-Ol 1.522e+02
18 -41.1 2.59ge+09 1. 652e+09 6.354e-Ol 7.210e+Ol
19 -35.3 1.265e+09 6.047e+08 4."3e-Ol 3.646e+Ol
20 -29.0 8.336e+08 2.014e+08 2.-l:6e-Ol 2.308e+Ol
21 -23.6 6.751e+08 >1. 123e+08 1.664e-Ol 1. 865e+Ol
2~ -17.1 5.788e+08 8.186e+O' 1.414e-Ol 1. 604e+Ol
23 -11. , 4.880e+03 6.22ge+07 1.2''3e-Ol 1. 359.-+0 1
24 -5.1 4.281e+08 5.124,,+07 1.1~'e-01 1.195e+Ol
25 O. , 3.'Ole+08 4.377e+O' 1.10:;e-Ol 1. 038e+Ol
26 6.2 3.36ge+02 3.89ge+07 1. :o~e-Ol 9.458e+00
?- 12.6 3.04ge+08 3.567e+07 1.17:e-Ol 8.56ge+00
-'
2B 18.2 2.644,>+08 3.240e+O' 1. 226,,-01 9.310e+00
~9 24.2 2.406e+08 3.096e+07 1.2E'e-Ol 1.05ge+Ol
.30 30.7 2.18'e+·08 2.947e+07 1.34'e-Ol 9.616e+00
31 35.9 1.992e~08 2.796e+O' 1. 403e-Ol 1.093e+Ol
32 42.6 1.827e+08 2.694e+O' 1.4'';e-Ol 9.959e+00
33 48.6 1.604e+08 2.595e+0; 1. 618e-Ol 1.090e+Ol
34 54.4 1.410e~08 2.488e+O' 1. ,64e-Ol 9.55ge+00
35 60.2 1.217e+08 2.371e+07 1.94ge-01 1. 024e+0 1
36 65.3 1.050e+08 2.204e+O' 2.092e-Ol 8.7He+00
3, ;2.0 8.567e"'O' 1.978e+07 2.30ge-Ol 8.704e+00
38 78.0 6.494e+O' 1.640e+O' 2.025e-Ol 7.821e+00
39 84.2 4.664e+O' 1. 430e+O, 3.066e-Ol 7.012e+00
40 90.2 3.384e+O' 1.254e+O' 3.70.5e-Ol 5.225e+00
41 96.2 2. 403e+O, 1.071e+O, 4.45'e-01 3.812e+00
-t~ 102.2 1. 65,e"'O, 8.645e+06 5.2:3e-01 .2. ,0ge+00
43 108.2 1.095e+O' 6.433e+06 5.877-:--01 1.841e+00
44 114.1 '.066e+06 4.438e+06 6.231e-Ol 1.210<'+00
45 120.0 4.614e+06 2.857e+06 6.192e-01 1.8,3e-Ol
-15 125.9 3.15ge+06 1. 790e+06 5.6c6e-Ol 5.268e-Ol
1i 132.0 2.268e+06 1.08ge+06 4.80';e-Ol 3.651e-Ol
·18 138.0 1.651<,~06 '.4'le+05 4.526e-Ol 2.62ge-Ol
-19 114.0 1.265e+')6 5.0'le+05 4.0G)e-Ol 1. 9,8e-Ol
50 151).0 8.652e-05 3.212e+05 3.'12e-Ol 1. 33ge-0 1
51 156.2 5.992e+05 2.071e+05 3.456e-Ol 9.201e-02
52 162.3 3.421e+05 9.590e+04 2.803e-Ol 5.156e-02
53 168.2 2.835e+05 O.OOOe+OO O.OOOe-OO 4.11ge-02
54 17-1.3 1.560e+05 O.OOOe+OO O.OOOe+OO 2.264e-02
55 180.3 2.170e+04 3.486e+03 1.41'e-Ol 3.621e-03
56 186.3 1.092e+05 O.OOOe+OO O.OOOe-OO 1. 612e-02
57 192. I 5.923e+04 O.OOOe+OO O.OOOe-OO 1. 166e-02
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GRAPH 24A . DMS EXPERIMENT #16
12547-T-16A TEMPERATURE SWEEP 4/18/94
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GRAPH 24B. DMS EXPERIMENT #16
125-l7~T-16A TE\I~ER.HLii:: ShEEP 4/18/91
----------------------------------------------------------------
~O. TE~IP E' E" TA~
-
DELTA FOliCE
degrees C dyn!cn.sq. dyn/cm.sq. g
1 -In.R 1. 831e+l0 7.055e+08 3.853e-02 2.223e+02
2 -138.0 1.874e+l0 6.60ge+08 3.526e-02 2.238e+02
3 -131. 7 1. 835e+ 10 5.670e+08 3.089,,-02 2.222e+02
4 -125.0 1. 794e+ 10 5.481e+08 3.056e-02 2.205e+02
5 -119.3 1. 763e+ 10 5.085e+08 2.885e-02 2.191e+02
6 -113.2 1.725e+l0 5.135e+08 2.976e-02 2.175e+02
-107.1 1. 6:11e+l0 5.347e+08 3.163e-02 2.15ge+02
8 -101.0 1.654e+l0 5.417e+08 3.276e-02 2.143e+02
9 -94.6 1. 621e+l0 5.731e+08 3.535e-02 2.127e+02
10 -89.4 1. 584e+ 10 5.877e+08 3.710e-02 2.10ge+02
11 -82.9 1.545e+l0 5.921e+08 3.832e-02 2.08ge+02
12 -;;.2 1. 505e+ 10 6.214e+08 4.128e-02 2.06ge+02
13 -71. 3 1. 468e+l0 6.494e+08 4.425e-02 2.04ge+02
14 -65.0 1. 4: 3e+ 10 7.280e+08 5.153e-02 2.01ge+02
15 -59.4 1. 328e+ 10 9.176e+08 6.911e-02 1.971e+02
16 -53.5 1.191e+l0 1. 321e+09 1. 110e-Ol 1. 88ge+02
17 -47.5 8.488e+09 2.140e+09 2.521e-Ol 1. 646e+02
18 -41.2 3.793e+09 1.502e+09 3.960e-Ol 1. 053e+02
19 -35.1 2.284e+09 4.318e+08 1. 890e-Ol 6.835e+01
20 -29.7 1.92ge+09 1.996e+08 1. 035e-Ol 5.884e+Ol
21 -23.7 1.735e+09 1.200e+08 6.914e-02 5.368e+01
22 -17.8 1.6';8e+09 9.404e+07 5.707e-02 5.128e+Ol
23 -11.5 1.585e+09 8.146e+07 5.141e-02 4.952e+01
24 -5.5 1.534e+09 7.820e+07 5.098e-02 4.811e+01_
25 0.6 l.H6e+09 7.750e+07 5.217e-02 4.674e+01
26 6. -\ 1. -l27 e+09 7.564e+07 5.263e-02 4.537e+01
?- 12.3 1.35ge+09 7.525e+07 5.416e-02 4.401e+01
-'28 18.0 1.325e+09 7.347e+07 5.545e-02 4.218e+01
29 23.8 1.286e+09 7.424e+07 5.774e-02 4.103e+01
30 30.-\ 1. 253e+09 7.697e+07 6.1-\5e-02 4.005e+01
3\ 36.6 1. 220e+09 7.916e+07 6.491e-02 3.906e+01
32 42.7 1. 130e+09 8.310e+07 7.043e-02 3.788e+01
33 -\B.5 1.11ge+09 8.665e+07 7.746e-02 3.60ge+Ol
3-\ 54.4 1. 048e+09 9.300e+07 8.873e-02 3.402e+01
35 60.3 9.765e+08 9.852e+07 1.00ge-01 3.190e+01
36 66.2 9.066e+08 1.034e+08 1. 140e-01 2.980e+01
37 72.1 8.372e+08 1.060e+08 1. 266e-0 1 2.768e+01
38 78.2 7.611e+08 1.086e+08 1. 426e-01 2.534e+01
39 84.2 6.812e+08 1.118e+08 1. 642e-01 2.287e+Ol
40 90.3 5.975e+08 1. 148e+08 1.922e-01 2.027e+Ol
4\ 96.3 5.104e+08 1.155e+08 2.262e-01 1.752e+Ol
42 102.3 4.155e+08 1. 133e+08 2.728e-Ol ·1..451e+Ol
-\3 108.0 3.197e+08 1.05ge+08 3.312e-Ol 1. 143e+0\
44 11-\.0 2.:i5e+OB 9.248e+07 4.065e-01 8.384e+00
45 119.9 1. -l98e+08 7.357e+07 4.910e-01 5.701e+00
46 125.9 9.316e+07 5.264e+07 5.650e-01 4.537e+00
4, 131. 8 5.51ge+07 3.384e+07 6. 023e-0 1 3.415e+00
48 137.9 3.H6e+07 2.011e+07 5.887e-01 2.438e+00
49 14-l. 0 ~.Qjle+07 1.112e+07 5.368e-01 1.782e+00
50 150.0 1.39ge+07 6.430e+06 4.596,,-01 1.45ge+00
51 156.0 1.C04e+07 3.99ge+06 3.98-\e-Ol 1.280e+00
52 162.\ 7.28ge+06 2.727e+06 3.7He-01 1. 153e+00
53 168.1 5.15ge+06 1.938e+06 3.757e-01 1.021e+00
5-\ 174.2 3.090e+06 1.151e+06 3.724e-01 6. 14ge-0 1
55 180.2 1.520e+06 5.351e+05 3.521e-01 3.005e-01
56 186.1 i.225e+05 1. 853e+05 2.564e-01 1. 391e-0 1
57 192.1 3.332e+05 9.160e+04 2.74ge-01 6.447e-02
58 198.0 1. 610e+05 4.705e+03 2.921e-02 3.005e-02
59 203.9 6.21ge+0-\ 1.408e+0-\ 2.264e-01 1.190e-02
60 210.0 4.605e+0-\ O.OOOe+OO O.OOOe+OO 8.980e-03
61 215.9 2.07ge+0-\ 5.805e+03 1.886e-01 5.8-\5e-03
62 221. 9 3.51-\e+0-\ 1. 11ge+04 3.097e-01 7.057e-03
63 22i.7 LS1-\e+04 O.OOOe+OO O.OOOe+OO 9.86-\e-03
64 233.7 5.34ge+0-\ O.OOOe+OO O.OOOe+OO 1. 015e-02
65 239.9 4.n7e+04 1. 201e+04 2.706e-Ol 8.574e-03
66 2-\5.8 2.•2.e+04 5.616e+03 2.317e-01 4.6-\2e-03
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GRAPH 25A. DMS EXPERIMENT #17
12547-T-17A TEMPERATURE SWEEP. 4/18/94
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GRAPH 25B. DMS EXPERIMENT #17
12~~7-T-17A TE~PE9AT[RE S~EEP, Vl8nl
----------------------------------------------------------------
:\0. TE'I? E' E" T,l.~
-
DELTA FORCE
deg:-ees C dyn/cm.sq. d,·n/cm.sq. g
-1~3.~ 1. 578e+10 9.803e+08 6.212,,-02 2.787e+02
-137.6 1. 672e+ 10 5.248,,+08 3.138e-02 2.809e+02
3 -131.2 1. 667e+10 5.878e+08 3.526e-02 2.808e+02
~ -125.3 1. 650,,+ 10 5.006e+08 3.034e-02 2.803e+02
5 -119.4 1.635e+10 4.837e+08 2.958e-02 2.79ge+02
6 -113.3 1. 620e+ 10 4.807e+08 2.967e-02 2.794e+02
7 -107.2 1. 605e+10 4.89ge+08 3.053e-02 2.790e+02
8 -100.7 1. 58ge+10 5.075e+08 3.193e-02 2.785,,+02
9 -94.7 1. 574e+l0 5.275e+08 3.352e-02 2.780e+02
10 -89.6 1.55ge+10 5.255e+08 3.370e-02 2.776e+02
11 -83.2 1. 542e+10 6.262e+08 4.061e-02 2.770e+02
12 -77.4 1. 528e+l0 5.131e+08 3.358e-02 2.766e+02
13 -70.9 1.5He+10 5.218e+08 3.H7e-02 2.761e+02
14 -65.2 1. 501e+10 5.214e+08 3.474e-02 2.757e+02
15 -59.8 1. 481e+10 5.296e+08 3.575e-02 2.750e+02
16 -52.9 1. 460e+l0 5.421e+08 3.713e-02 2.743e+02
17 -47.7 1.436e+10 5.680e+08 3.954e-02 2.735e+02
18 -41.1 .1.400e+10 6.247e+08 4.462e-02 2.722e+02
19 -35.1 1. 353e+10 6.898e+08 5.098e-02 2.705e+02
20..-1 -29.7 1. 294e+10 7.667e+08 5.924e-02 2.683e+02
21 -23.6 1.216e+10 8.454e+08 6.954e-02 2.651e+02
22 -17.9 1. 127e+10 9.377e+08 8.320e-02 2.611e+02
23 -11. 4 1. 020e+ 10 1. 025e+09 1. 005e-0 1 2.555e+02
24 -5.0 9.047e+09 1.086e+09 1.200e-01 2.485e+02
25 1.2 7.834e+09 1. 120e+09 1. 430e-01 2.396e+02
20 ;.2 6.576e+09 1. 115e+09 1. 695e-Ol 2.280e+02
27 12.1 5.453e+09 1. 04 7e+09 1.920e-Ol 2.146e+02
28 18.2 4.340e+09 8.876e+08 2.045e-01 1.970e+02
29 24.1 3.48ge+09 7.023e+08 2.013e-01 1.78ge+02
30 30.0 2.825e+09 5.758e+08 2.038e-01 1. 613e+02
31 36.0 2.218e+09 5.036e+08 2.271e-01 1. 41 7e+02
32 ~2.6 1.596e+09 4.466e+08 2.798e-Ol 1.166e+02
33 48.5 1. 192e+09 3.736e+08 3.135e-01 9.600e+01
34 5L4 8.~00e+OB 2.943e+08 3.504e-01 7. D2e+01
35 60.3 5.987e+08 2.248e+08 3.756e-01 5.658e+01
36 66.2 ~.497e+08 1.728e+08 3.844e-01 4.416,,+01
37 72.1 3.477e+08 1.352e+08 3.888e-01 3.503e+01
38 78.1 2.698e+08 1.066e+08 3.952e-01 2.777e+01
39 84.1 2.098e+08 8.354e+07 3.982e-01 2.194e+Ol
40 90.3 1. 664e+08 6.561e+07 3.942e-Ol 1. 758e+01
41 96.3 1.364e+08 5.266e+07 3.861e-01 1. 447e+01
n 102.1 1. 135e+08 4.304e+07 3.793e-01 .1. 209e+01
D 108.0 9.5He+07 3.556e+07 3.737e-01 1.016e+01
44 114.0 8.005e+07 2.958e+07 3.695e-Ol 8.568e+00
45 119.9 6.760e+07 2.483e+07 3.673e-01 7.241e+00
46 125.9 5.713e+07 2.101e+07 3.677e-Ol 7.653e+00
~7 131. 9 ~.832e+07 1.79Oe+07 3.716e-01 8.092e+00
~8 137.9 4.052e+07 1. 54 5e+0 7 3.814e-01 8.47ge+00
~9 1~3.9 3.375e+07 1. 345e+07 3.985e-01 8.785e+00
50 1~9.9 3.958,,+07 1.788e+07 4.518,,-01 1. 213e+01
51
- .
156.0 2. 826e+0 7 1. 42ge+07 5.057e-01 8.801e+00
52 162.1 1.851e+07 1. 070e+07 5.783e-01 7.~51e+00
53 168.1 1.100e+07 7.156e+06 6.503e-01 5.726e+00
5~ 17~. 1 6.004e+06 4.505e+06 7.503e-01 4.100e+00
55 180.2 2.698e+06 2.107e+06 7.807e-01 1.883e+00
50 186.1 1. 120e+06 7.660e+05 6.837e-01 7.470e-015j 192.0 8.591e+05 3.764e+05 4.381e-01 5.162e-01
58 197. 9 7.321e+05 1. 41ge+05 1. 93ge-Ol 4.105e-Ol
59 203.8 7.222e+05 7.126e+0~ 9.868e-02 3.994e-01
60 209.9 7.460e+05 5.87ge+04 _ 7.881e-02 4.119,,-01
61 215.8 8.138e+05 5.931e+04 7.288e-02 4.491e-Ol
62 221. 7 8.584,,+05 4.930e+04 5.744e-02 4.732e-Ol
63 227.7 8.982e+05 5.588e+04 6.221e-02 4.954e-01
64 233.7 9.112e+05 6.004e+04 6.58ge-02 5.026e-01
65 239.8 9.172e+05 7.304e+04 7.964,,-02 5.064e-01
66 245.7 9.214e+05 5.532e+04 6.004e-02 5.081e-Ol
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GRAPH 26B. DMS EXPERIMENT #18
1~~~,-T-18A TF.~IPER.-HL·;'.~ S\o,·EEP. .l/l8/9~
----------------------------------------------------------------
1\0. TE~lr £1 E" TA:-:
-
DELT.-\ FORCF.
degrees C d~·n/c:n.sq. d~·n/c.:m. sq. g
I -148.0 2.39~e+l0 1.397e+09 5.835e-02 2.635e+02
2 -142.2 2.~!ge+l0 6.336e+08 2.61ge-02 2.638e+02
3 -136.3 2.390e+10 5.58ge+08 2.338e-02 2.631e+02
4 -130.0 2.35ge+l0 5.206e+08 2.207e-02 2.623e+02
5 -14~'0 2.332e+l0 4.562e+08 1.956e-02 2.617e+02
6 -118.0 2.29'e+l0 4.817e+08 2.097e-02 2.608e+02
7 -112.1 2.263e+l0 5.000e+08 2.210e-02 2.59ge+02
8 -106.5 2.231e+l0 .J. 9 it e+08 2.228e-02 2.591e+02
9 -100.2 2.181e+l0 5.165e+08 2.36ge-02 2.578e+02
10 -94.0 2.133e+l0 5.494e+08 2.576e-02 2.565e+02
11 -87.7 2.107e+-l0 5.435e+08 2.57ge-02 2.557e+02
12 -82.5 2.083e+l0 5.577e+08 2.677e-02 2.550e+02
13 -75.7 2.060e+l0 5.295e+08 2.570e-02 2.543e+02
14 -70.1 2.035e+l0 5.42ge+08 2.668e-02 2.535e+02
15 -64.2 1.998e+l0 5.714e+08 2.860e-02 2.524e+02
16 -58.5 1.958e+l0 6.174e+08 3.154e-02 2.511e+02
17 -51. 9 1.910e+l0 6.530e+08 3.41ge-02 2.496e+02
18 -46.7 1.862e+l0 7.136e+08 3.832e-02 2.480e+02
19 -39.8 1'790e+l0 7.561e+08 4.223e-02 2.455e+02
20 -34.7 1.731e+l0 8.164e+08 4.715e-02 2.433e+02
21 -28.0 1.653e+l0 8.375e+Oll 5.067e-02 2.402e+02
22 -22.6 1.580e+l0 8.674e+08 5.490e-02 2.372e+02
23 -16.6 1.50.Oe+l0 8.798e+08 5.866e-02 2.336e+02
2~ -10.5 1.~17e+l0 9.050e+08 6.387e-02 2.297e+02
25 -3.5 1.31ge+l0 9.254e+08 7.018e-02 2.2~5e+02
26 1.5 1.236e+l0 9.38ge+08 7.595e-02 2.198e+02
2, 7.7 1.I~Oe+l0 9.625e+08 8. H3e-02 2.138e+02
28 14 . 1 1.032e+l0 9.8·72e+08 9.563e-02 2.062e+02
29 19.-1 9.213e+09 9.875e+08 1.072e-Ol 1.973e+02
30 25.4 8.026e+09 9.79-1e+08 1.21ge-Ol I.R6-1e+0~
31 31.0 7.081e+09 9.6-1-1e+08 1. 362e-01 1.762e+02
32 36.8 6.127e"09 9.-I-IOe+08 1. 541e-01 1.64-1e+02
33 -13.6
-I.91Ie+09 9.75-le+08 1.986e-01 1.~6ge+02
3-1 49.5 3.863e+09 9.073e+08 2.3~ge-Ol 1.283e+02
35 55.2 2.72ge+09 8.0-l2e+05 2.9~7e-Ol 1.033<,+02
36 61.1 1.7He+09 6.~95e+08 3.71ge-Ol 7.~58<,+01
37 67.2 1.093e"'09 -I.86~e"'08 ~ .151 e - 0 I 5.253<,+01
38 73.2 6.9ne+08 3.-l58e+02 1.980e-Ol 3.586e+01
39 79.1 ~.~:2e-08 :.398e+08 5.308e-Ol 2.H5e+01
~o 85.2 3.0G8e"'08 1.633e+08 5.428e-Ol 1.675e+Ol
~ I 91.3 2.083e+08 1.125e+08 5.388e-Ol 1.180e+Ol
~~ 97.2 1.535e+08 8.022e+07 5.223e-Ol 8.726e+00
p 103.2 1.1~ge.,.08 5.730e+07 4.985e-Ol 6.506e+00
4-1 109.1 8.86Ie+07 4.208e+07 4.74ge-Ol 6.236e+00
~5 11 ~ .9 7.015e+07 3.152e+07 ~.493e-Ol 6.122e+00
46 120.9 5.710e+07 2.431e+07 4.256e-Ol 6.174e+00
47 126.9 4.75ge+07 1.923e+07 4.042e-01 6.357e+00
48 13~.9 4.020e+07 1.555e+07 3.867e-Ol 6.648e+00
49 139.0 3.438e+07 1.298e+07 3.ii~e-01 7.056e+00
50 1~5.0 2.915e"'07 1.12Ie+07 3.8~~e-OI 7.427e+00
. -
51 150.8 3.012e+07 1.4-1ge+07 -I .. 810e-Ol 9.2-17e+00
52 156.9 2.31-1£0+07 1.237e+07 5.3-13e-01 7.053e+00
53 162.9 1.573e+07 8.88ge+06 5.652e-01 -I.861e+00
5-1 169.1 9.510e"'06 5.75ge+06 6.056e-Ol 2.994e+00
55 175.2 4.22ge+06 2.60-le+06 6.157e-01 1.338e+00
56 181 . 1 5.-t53e·05 3.003e+05 5.507e-Ol 1.678e-Ol
57 187.0 5.626e+O-l 3. 128e+0~ 5.56Ie-Ol 1.736e-02
58 193.1 1.081e ... 05 O.OOOe+OO O.OOOe+OO 2.957e-0~
59 198.9 3.3~7e ... O-l O.OOOe+OO O.OOOe+OO 9.621e-03
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